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PREFACE 

This little book was originally prepared to meet the re- 
quirements of students preparing for the Elementary 
Stage of the Board of Education’s Examination in Mag- 
netism and Electricity. The subject has, however, received 
fuller treatment than was required by the syllabus of that 
examination, and includes the additional portions needed 
in examinations for the London Matriculation, Oxford and 
Cambridge Imcal, Oxford and Cambridge Joint Board, and 
College of Preceptors. The book is also suitable for the 
Special Examination in Magnetism and Electricity for 
Post Office employees held by the City and Guilds of 
London Institute. 

- The beginner in this subject is often handicapped by 
a want of knowledge of the elementary facts of Force, 
Worlc, and Energy, which are so essential to a clear under- 
standing of electrical principles 3 an early chapter is there- 
fore devoted to these points. 

Electrical T’otential generally presents considerable diffi- 
culty in the early stages of the study of Electricity ; an 
attempt has therefore been made gradually to build up the 
studenfs knowledge of this point by introducing it at the 
outset and on every possible occasion. 



PREFACE 


The general treatment of the subject is experimental; 
each step in the argument is brought home to the student 
by experiments in which the apparatus is constructed from 
the simplest material. The student should at every oppor- 
tunity be encouraged to make the apparatus and repeat 
the experiments for himself. 

The experienced reader will doubtless recognise, in 
many sections of the book, the author’s indebtedness to 
the teaching of Sir A. ‘Wk Riickcr, Prof. S. P. Thom]rson, 
and Sir O. J. T.odgc — more especially perhaps in the chapters 
on Terrestrial Islagnetism and on FJcclrical Machines, 

The author gratefully acknowledges the help willingly 
afforded hy Professf>r R. A. ( hvgory and Mr. A. 'F. 
Simmons, ILSc., who have lu'oiight their kindly and e\- 
j)crienced criLicism to bear on eveiy portion of the 
manuscript. J Le is also indebted U) the (amlroller of 
I-I.’M'. Stationery Office and lo tlic University of London 
for their permission to insert questions from rcc'cnt 
examinations held by the Hoard of Education and by tlie 
University respectively. 


H. K. H. 
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PART I 


MAGNETISM 


CHAPTER I 

NATURAL AND ARTIFICIAL MAGNETS 

Introductory. — A mag-net is a solid body possessing- the 
property of attracting iron ; it has the same power of attracting 
a few other metals, but to a much less marked extent than in 
the case of iron. 

Magnetism is the science which is concerned with all 
such phenomena, whether due to a simple magnet or to any 
other appliance exhibiting similar properties. 

Stones possessing the property of attracting- iron are found 
abundantly near JMagnesia (in Asia Minor), from the name of 
which ])lace the word jfiagnet^^ originated. This stone is now 
termed magnetite ; it is an oxide ^ of iron, and contains 
aljout 72 per cent of iron; it is distinctly heavy, and is dark- 
gray to black in colour. Only some specimens of magnetite 
possess the properties of a magnet, but all are capable of being 
attracted by a magnet. 

Magnetite is also found in considerable quantity in Norway 
and Sweden, where the remarkable deposits of Dannemora 
form the source of the pure Swedish iron. Mve famous 
Damascus steel was also made from magnetite. In Scotland 
it is found in a finely gianular state, and this also is used for 
the extraction of iron. 

^ Oxide of iron is a chemical compound formed by the union of the 
metal iron with the gas oxygen. 

E ' IJ 
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In the preliminary experiments which ^^iIl be described in 
this chapter it will be found that a piece of magnetite, sclccled 
as showing' the properties of a magnet, will, \Ahcn suspended 
by a thread so as to swing- freely, come to le'^t in a definite 
position, and point apiiroximatcly North and South. This 
property possessed by magnetite was known to the people of 
other nations at a very early date ; for example, tlicre is ewery 
reason to believe that the Chinese were aware of it in the year 
2400 D.C. The earliest record of any such knowledge in luirope 
is found in the writings of a Norwegian who was Ijorn in 1068. 
He describes how Iceland was discovered by a Norwegian 
Viking, who used ra^•cns as guides, since ifi those days seamen in 
Europe had no lodesione. The “ lodestone ” (or ‘‘ leadhiy-stonc ”) 
was the name given to any piece of magnetite which had the 
properties of a magnet, and this name dates from the twelftli 
century, wdien its properties first became known in Europe. 

A poem written by a native of Rrovence in the thirteenth 
century contains a description of the use of the lodestone 
as a means of magnetising a needle. The ncctlle, instead of 
being suspended by means of a thread, is described as being 
supported on a straw floating in water. 

ilhuriners har'e an art ti'iiid/ iannot deieiTU' 

Jh’ the virtue of the nias^net, 

Jn ugly bro7vni.\h iAv/v, 

I'o wJiuh iron adhejos of its otvn aiiord. 

Then they took for the riyht point. 

And u'hen they have tomhed a neaUe on it, 

Andji\ed it on a hit of stjaav 
JA'npthivise in the niiiitile, toithoui more, 

.■bid the i.traw keeps it above ; 

Then the point turns Just 
Apainst the star undoubtedly. 

By this the mariner is enabled 
'J'o keep the proper course. 

This is an art whuh cannot deeehe. 

Dr. Gilbex't, of Colchester, really founded the sriein’c of 
magnetism in this country, and published a book on tlie sub- 
ject (entitled l)e f^Ia^pnetc) in the year 1600. d'his Iniok is 
now esteemed as a work of great historical value. 
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PRELIMINARY EXPERIMENTS 

Apparatus required. — Lodestone, small bar-mag-nct, several 
darning needles ; fragments of nickel, cobalt, zinc, copper, 
brass, wood, glass, etc. ; iron filings, unspun silk or copper 
tinsel for suspending the needles. 

Magnetic Properties of tlie Lodestone 

Expt. I. — Dip the lodestone into a small heap of iron 
filings ; obseive how the . 
filings cling to it chiefly | 
at two points (Fig. i). ; 

Dr, Gilbert named these 
points the poles, and the ■ 
imaginary line joining these , 
points the axis, of the mag- 
net. 

Expt. 2. — Make a suspen- 
sion for the lodestone, 
arranged in such a 
manner that the line 
joining the two points 
determined in Expt. i 
may move freely in a L. 
horizontal plane. Fig. I. — loc1e>^tQne which has bet;n 

A convenient form of sus- d.pp.a into imn niu.s., 

pension is made by soldering to each end of a piece of copper 
tinsel,^ about 30 cms. long, a short piece of copper wire 
of medium thickness, which is bent round so as to serve 
as a hook (Fig. 3) ; the upper hook hangs from a glass 
rod fixed in a clamp, the lower hook is attached to a piece 
of wire which has been wrapped round the lodestone (see 
Fig. i). If unspun silk is used instead of copper tinsel, it 
may be satisfactorily joined to the copper hooks by a fragment 

^ The copper tinsel used for decorating fire-grates is suitable, but it is 
difficult to obtain a considerable length free from kinks. It may be pur- 
chased, specially prepared, from F. Wiggins and Sons, 102 Minories, E.C. 
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of dry shellac which has been placed on the jioint of a knife- 
bkide, and heated in a gas flame. 

Observe that the lodestone assumes a position in vhich 
the axis points in a definite direction, and that wlien 
the lodestone is forced to point in an)' other 
direction, and afterwards released, it swint.;s 
to and fro for a short time, and finally 
comes to rest in its original position 
(Fig. 2). 

It is important to notice that ilns posi/ion of 
rest almost coincides 'ivith a Inic Joinificf the 
gcoi^rapJiical Xortii and South poles. Mai'k the 
end pointing north with a spot of spaling-wax 
or red paint. 

Expt. 3, — Make a silk-fibre suspension by 
attaching to one end of a silk-filjre a small 
piece of paper (2 cms. x i cm.) which is 
doubled back upon itself (Fig. 3). Or*, 
preferabl)', make use of the support shown 
in Fig. 4. Notice that an uninagnetised 
needle, when supported horizontally in this 

Fig. 2.— a .swin manner and at a distance fiom all magnets, 

mg ludustonu. 

indicate any tendency to come to ic'st jiointing in any 
one definite direc- 
tion. 

Dip the needle 
into iron- filings ; it 
does not appear 
to have the ])ower 
of attracting the 
filing.s. 

These observations in- 
dicate that the needle is 
7 U)t magnetised, and the 
same tests may always be 
adopted as a means of 
verifyiny the presence or 
absence of magnetisation. 

Note. — In magnetic e.vperiments it is fretpientl)' useful in 






CHAP. 1 


MAGNETIC INFLUENCE 



Fig,' 4 .— A simple form of 
compass-needle. 


have a mag'netised needle supported on a rigid vertical axis 
rather than by means of a silk thread. In Fig. 4, a glass test- 
tube (2 inches long) rests inverted 
on the point of a darning-needle 
fixed vertically in a cork. A 
magnetised needle, or any piece 
of iron or steel under examina- 
tion, may be attached to the 
top by means of soft wax. To 
ensure stable equilibrium, a collar 
of sheet lead may be slipped 
over the test-tube so as to rest 
on its expanded rim. 

Expt. 4. — Again place the 
needle in its support, and 
bring one pole of the lode- 
stone near to one end of the 
needle ; the needle is attracted ; if the other end of the 
needle is tested in same way, the same result is observed 

(Fig- 5). 

This shows that the “ magnetic influence ” of the lodestone 
upon iron or steel extends through the space surrounding the 

lodestone, and does 
not become evident 
only when it is placed 
in actual contact with 
the iron. 

Expt. 5. — Resus- 
pend the lode- 
stone, and bring 
cither end of the 
needle near to 

Fig. s.-~-.\.ction of'i on an unin.-ignetisul thc tWO polcs of 

the lodestone in 
succession ; the needle attracts thc lodestone in both cases. 

The “ magnetic inllucnce ” between the lodestone and thc 
needle is quite mutual — it acts equally on both, and tliat 
body moves which is free to do so. 

• Expt, 6 . — Lay thc needle on the table, and holding it firmly 
by pressing a linger on thc eye of the needle, rub the 
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marked pole of the lodestonc along' the needle from eye 
to point ; lift the lodestonc some distance away from 
the table, and bring it down a^'ain on to tlic eye of the 
needle, and repeat this operation several times. Replace 
the needle in its support, and observe bow^ different is its 
behaviour from that observed in Expt. 3. It conics to 
rest with its eye pointing in the some J/rection as docs 
the marked end of the lodestonc. 

So far it certainly resembles the lodestonc. It has simul- 
taneously acquired the other characteristic ]n'opcrty of the 
lodestonc, viz. of attracting iron Jitings in tufts at its ends. 

Expt. 7. — Bring the marked end of the lodestt')ne near to 
the point of the needle: attraition takes plat e. Bring 
the same end of lodestonc near to tlic eye of the needle : 
7 'epulsion is observed. Repeat the obsciwations with 
the other end of the lodestonc ; the eye of needle is 
now attracted, while the point is repelled. 

If that end of the lodestonc, or of the magnetised needle, 
which points towaards the North is called the North-seeking 
Pole, and the other end the South-seeking Pole, the above 
results may be tabulated in the following words : — 

Unlike Poles attract. 

Like Poles repel. 

Compare this result with that obtained in Expt. 4. When 
the needle is unmagnetised attraction of cither rnd lakes place, 
but when it is magnetised one attraction and one icpidsion is 
obtained. I'his dijference serves to distinyi.Idi hetivecn a mag 
netised and an unmagnetised pfieee (f iron or stect. 

Expt. 8. — (i.) Magnetise a second needle in c'xartly the 
same manner as described in Expt. f>, but stroke the 
needle with the unmarked end of the lodestoin.* (instead 
of the marked end). Suspend the needle, and observe 
how it comes to rest with its eye ]X)inting in the opposite 
direction to that obtained in Expt. 6 (when the marked 
end of the lodestonc was used). 

The magnetic polarity generated in that one! of 
the needle which is last touched by tho lodostone is 
of opposite kind to that of the polo which is used* 
for the process. 
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(ii.) Holding in the hand the needle magnetised m 
Expt. 6, bring one of its poles near to the ends of the 
needle magnetised in Expt. 8 (i.), and thereby verify 
the law of magnetit: attraction and repulsion. 

It is found, moreover, that any number of needles might 
be magnetised by one piece of lodestone, without causing the 
latter to lose any of its characteristic properties. Ages ago it 
was thought that magnetism was an invisible and that 

the process of magnetisation involved the transfer of some of 
this fluid from the lodestone to the piece of iron ; but it is now 
known that the lodestone does not thereby lose any of its 
magnetisni, and consequently no transference of a magnetic 
fluid can accompany the process, ^ 

The terms Natural Magnet and Artificial Magnet are 
frequently used to distinguish the lodestone from a piece of 
iron or steel which has acquired the same properties by arti- 
ficial means. In the experiments performed, while the lode- 
stone is a “natural magnet,” the needles which have been 
magnetised by mechanical processes are termed “artificial 
magnets.” 

Magnetic Substances. — So far only iron or steel have 
been experimented with, and the observations made have 
proved that these may be termed inagjuiic substances ; but it 
has not been learnt whether the same phenomena may be 
olDScrved when other substances are used instead of iron or 
steel. Arc any other metals magnetic substances ? 

Exit. 9.— Bring a bar-magnet (or lodestone) in contact 
with some fragments of nickel and of cobalt ; both are 
attracted, consequently these also arc magnetic sub- 
stances. 

Expt. 10 . — Suspend short lengths of ni?tc rod, wood^ copper ^ 
tin, and oi glass. Notice none of these arc affected by 
a magnet, and consequently magneti c substances. 

It has been seen that the influence of a magnet can readily 
pass through air ; but air is not magnetic like iron. It has also 
been found that zinc, wood, copper, tin, and glass arc not mag- 
netic ; will they also, like air, allow the infiucnce of a magnet 
to pass through them, and as readily ? 

^ Furthc’r points regarding the theory of mnsnctisni will be considered 
in Chap. \’IT. 
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Expt. 1 1. — Suspend a magnetised needle, and bring the 
pole of a magnet near to it ; hold successively in front 
of the pole a sheet of copper foil, of zinc foil, of paper, 
or of wood. In no case is th6 deflection of the needle 
affected. 

It is evident that magnetic effects arc transmitted just as 
readily through these substances as through air. They may 
be said to conducl^^ magnetic effects as completely as air, or 
their condi/cfivify'’^ is the same. Lut a very different degree 
of conductivity is obtained in magnetic substances. 


Chief Points of Cii.vptkr I 

Magnetite is a chemical compound of the melal iron mul the 
gas oxygen. 

Lodestone is the name given to any .specimen of mngnetito which 
possesso.s the characteristic pioiKTties of a nuignet, \ i/. (i) of altiatuing 
iion or steel filings, and (2) of coming lo icst in the m.igiu'tic noitli 
and south line w'hen free lo move in a lioii/tnitnl jilanc. 'Phe name 
iodt'S/o)ie dates horn the twelfth cenluiy. 

The science of Magnetism was foimdcd Iw Dr. Gilbert in the yeai 
1 600. 

Artificial Magnets are pieces of steel to which the inagnelic 
properties of the lodestone h.i\e been imp.uk'il In' uililicial means. 
The lodestone is termcil a Natural Magnet in otdei to di-^tinguish it 
from artificial magnets. 

Tlie Poles of a magnet are the two ])oinK neai its emls towanis 
w'hich iron filings are attracted. Tlio Axis of a magnet is an 
iinaginaiy line joining the jiule.s. 

The Norili-seeking Pole is that poh' which ]»>int. louanK the 
North W'hen the magnet is freely suspended. 

The South-seeking Pole is that pole whii'h points tow.ud-. the 
South when the magnet is freely suspended. 

A steel needle may be made into an uitifu'ial magnet b} stn'kine, it 
in one direction with either pile of a lodestone. 'I'liat end of the 
needle which is last touched by the lodestone Ins'ome', a pole of an 
Opposite kind to that of the lodeslone’s pole useil for stioking’. 

llie same jiiei'c of lodestone is cuixvhle of niagnetisiiig any mimlier 
of steel needles without losing its natural magnet ism. 

The Primary Law of magnetic attraction and repulsion is that 
Unlike Poles attract an<l / ike ]\Ps rc\i. 

An immagnetised needle can ho clkstinguished from a magnetised 
needle by observing that both etuis are attracted by the pule of a 



CHAP. I 


QUESTIOt-^S d'N CHAPTER I 


magnet, whereas one end of a magnetised needle is attracted and^the 
other end is repelled. 

Iron, steel, nickel, and cobalt are magnetic substances. 

Zinc, copper, wood, tin^ and glass are examples of non-magnetic 
substances. 

The influence of a magnet can be detected at a distance from the 
magnet, and this influence can be transmitted through non-magnetic 
substances just as readily as through air. 


Questions on Chapter I 

1. Describe the appearance of a Natural Magnet, and explain how 
you woul(? proceed to demonstrate its magnetic properties. 

2. (i.) Two steel needles are sui^plied to you, only one of which is 
magnetised. Plow would you determine, by means of a cork floating 
on water and a lodestone, which of the needles is magnetised ? 

(ii. ) Plow could you distinguish the needles without the aid of a 
lodestone ? 

sn 3. Two sewing-needles arc magnetised so that the eye of each is a 
north-seeking pole. The needles are stuck by their points into .sejoarate 
bits of cork, so that when thrown into water they float upright with the 
eyes downwards. How will they behave towards each othei when 
floating in this way ? 

4. You are doubtful Avhethcr a steel rod is neutral or is slightly mag- 
netised. How could you find out liy trying its action on a compass- 
needle ? If it is found to be magnetised, bow would you determine its 

•polarity ? 

5. A needle is to be magnetised .so that its point is north-seeking. 
Describe carefully how you would do this (i. ) with the north-seeking 
pole, (ii.) with the south-seeking pole, of a lodestone. 

6. Two magnetised needles, of equal length, are sus]-)endcd from 
their upper ends by ihicads, so that they hang side by side with their 
lower ends at the same level. If the lower ends are both noith-secking 
jioles, how will tliey act upon each other? How will the action be 
altered when one of the needles is reversed? Give sketcbe.s. 



CHAPTER II 


FORMS OF iVrAGNETS METHODS OF 

MAGNETISATION 

Ajiparaiiis rfgta'red. — Bar -magnets. Steel clock - spring. 
Knitting' and sewing'-nccdle. Iron filings. Compass- 
needle. Suspending' stirrup. Soft wax. Glass tubing. 
A voltaic battery. Long wire- nail. .Soft steel wire. 
Bunscn-burncr. Asbestos millboard or iron iilate. 

In the preliminary experiments the lodestonc alone has l)ccn 
used as a means of magnetising small needles ; but it is only 



FiC. 6.- — -A. bai-m:i"nut whu h has hwn iutu iidu lilin;’s. 

possible in this way to magnetise comparalix ely small pieces of 
steel, and even then the magncti.sation is not so marked as 
would be the case had magnets stronger than the loik'stone 
been used. In future experiments it will be far more satis- 
factory to dispense with the lodestonc, and to use inst<\'id some 
form of artificial magnet, the long bars of magnctis<‘d steel 
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known as Bar-Mag-nets (Fig. 6). These may be obtamed 
either rectangular or cylindrical in cross- 
section, and, as a rule, the poles are dis- 
tinguished from one aifothcr by the letter 
N being stamped on the north-seeking end. 

Another common form of artificial 
magnet is the Horse-shoe Magnet, in 
which the steel has been bent into the 
form of a horse-shoe previous to magnetisa- 
tion (Fig. 7). The poles of the magnet 
are at the ends of the horse-shoe, and are 
thus sitKated close together. 

Methods of Magnetisation. — For 
many purposes it is preferable to use 
pieces of clock-spring 1 instead of needles 
for making e.Kperimental magnets. 

(i.) Method of Single Touch. — 

This is practically the sanie method as 
was adopted in Expt. 6. 

Expt. 12. — Break off a piece of clock- 
spring about 5 or 6 cms. long ; 
hold it firmly on the table by a 
finger placed at one end (or, better still, fii.x it to the 

table by soft wax ^ 
at the ends), and 
draw one pole of a 
magnet along* the 
whole length of the 
spring, and pro- 
ceed as in Expt. 6 
(Fig. 8). Test the 
magnetisation(('r)by 
nteaiTS of iron fil- 
ings, and (fi) by sus- 
pending in a stirrup. 



7 . — A horse-shoe 
magnet. 



' I)isusi‘(l rlock-sjnings can laadily he obtained I'loin any writchniaker , 
Steel of a cloek-spnng juissesses that degree ol “ teiiiper ” which is 
udvant.igi ous in llu* pi eparation of uigix'ts. 

“ 'I'lie soft led wav wiiieh i,s tiv d ht jaost-tnorteiu easi's ib very con- 
veniiait for the pur[H)si' It can he butined from most dealeis in physical 
ujjpaiatus. 
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Horse-shoe magnets may be magnetised in this \vay by 
drawing the pole of a bar-magnet round the horse- slioc, 
beginning at one end and completing the stroke at the other 

end, and repeating tliis 
several times, Ikit in 
practiceit is not always 
found to be satisfac- 
tory, 

(ii.) Method of 
Divided Touch. 
Expt. 13, — Fix a 
similar piece of 

Fig. g . — Magnetisation of steel by mcan.s of an clock-Sprillg Oil 

eleolnc euucnt. 

Expt. 1 2 ; place the opposite polc.s of two bar- 
magnets close together in contact with the middle 
of the clock- spring, then draw them apart .towards 
opposite ends of the spring. Lift them away, and bring 
them together again at the centre, and repeat this 
several times. 

A stronger degree of magnetisation is obtained if the 
spring is supported at its ends on the poles of two other 
bar-magnets, in each case the poles being of the same 
polarity as that of the movable magnets above it (Fig. 8). 

(iii.) Magnetisation by Electric Currents. 

If a dose spiral of cotton-covered copper wire be w'ound 
round a rod of steel (Fig. 9), and a current of electru’ity 
sent through the spiral, 
the steel is far more 
strongly magnetised 
than would be the case 
in either of the iircvi- 
ous methods. 

Exit. 14. — Wrap a 
spiral of cotton- 

covered copper 

wire round a :i glass mbc. 

piece of thin- 

walled glass tubing (about 10 cms. long and 0.5 cm. 
bore) (Fig. 10) ; place inside the lube a needle or piece 
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electro-^aGnets 


of clock-spring, and pass a strong current through the 
wire for a few seconds ; after stopping the curre''iit, 
remove the needle, and test it for magnetisation. 

If the spiral is wound round a solid rod of soft iron instead 
of the glass tube, then, Ls long as the current continues, the 
rod is magnetised to a high degree. Such an arrangement 
is termed an Electro-magnet. 

The more common form of electro-magnet is the horse-shoe, 
which consists of a thick core of soft iron, bent either into the 


form of a horse- shoe with 
straight limbs, or into a form 
resembling three sides of a 
rectangle,,. Round each limb 
is wound a ’■^bobbin^^ of several 
layers of thick cotton-covered 
copper wire, the direction in 
which the wire is wound on 
the limbs being opposite (Fig. 

1 1 ). While an electric current 
is passing round the bobbins, 
a bar of steel may be mag- 
netised by drawing it com- 
pletely over one of the poles 
of the horse - shoe. (The 
polarity of the electro-magnet 
hray be determined by means 
of a compass -needle.) The 
result is improved if each end 
‘of the steel bar is brought once 
into contact with the iviagiiet- 
])olc of op]) 03 itc kind, and \\il 
surface whcic contact is made. 



Flo. II. — An olccti o-magnet. 

wn at right angles to the 


A steel hoise-slioc is best magnetised by placing it vertically 
over the limbs of an (dectro-magnet, with its ends in contact 
with the elcM-tro-inagnet poles; while in this ])osition the 
current is turned on and off three or four times. 

Consitiqueiit Polcu. Soinetime.s a magnet may be found 
whit.h has sinuldi at iiic tiao ends; this may arise 

through faulty magnetisation, and it may be imitated artifi- 
cially in a simple \say, .A magnet showing this peculiarity 
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will always be found to have the poles of opposite kind somc- 
wllere along its length, and these may be located b}' dipping 
the magnet completely into iron filings, or by means of a com- 
pass-needle placed in a senes of positions along- its length. 

Expt. 15. — Magnetise a long knitting-needle in four- 
separate parts by the method of Single Fouch, and so 
that a north-seeking- pole is found at both ends ; another 
north- seeking- pole is also found at the centre, and 
south-seeking- poles at one-quarter of the whole length 
from each end. 

Laminated or Compound Magnets. -In the methods 
of Single and Divided Touch there is not much advantage 
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in using steel thicker than ordinary clock-spring, since the 
effect of magnetisation does not penetrate into the substance 
of the steel to more than a limited extent. In fact, the degree 
of magnetisation of a needle wdiich has been magnetised by 
the method of Single Touch can be considerably reduced by 
heating the needle in nitric acid for a few' minutes, by whicli 
process the outer layer of steel is dissolved. 

On this account larg-cr magnets aie often made of thin 
strips or laininm of steel which have been separately inag- 
nedsed, and afterwards fi.xed together. A magnet constructed 
in this manner is called a JMUii/tatcd Ma^^nci or Cojiipoinid 
JMagnef 12). 

Magnetic Strength. — 'The visible effect which a maginu 
has upon a compass-needle depends not only on the distam e 
betw^cen them, but also upon the degree of magneti.sation of 
the magnet. One magnet, A, jdaced at a certain ilislanta; 
from the needle, may have a greater effect than anoiher 
inagnet, B, when placed at the same distance ; in such a c'asc 
the strength of A w'oukl be greater than that of B. The 
strengths of hvo magnets 7 nav be ro^nfared by obserT^/ng the 
effect of each upon a compass-ncedte, the distance bchoeen the 
magnet and the needle being the same in each case. 
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Magnetic Saturation. — The degree of magnetisation 
acquired by a piece of steel depends upon the strength of the 
magnet which is used in the process ; the stronger the magnet 
the greater the degree of magnetisation acquired. But in every 
case there is a certain limit, beyond which an increased 
magnetising power fails to give an increased magnetisation. 
Steel or iron is said to be iJiagtteiically saturated luhe^i it fails 
to acquire a higher degree of 7 Jiagnetisation, however much the 
inag 7 'ieHsing power is strengihe 7 ied. 

Destruction of Polarity. — When a magnet is subjected 
to rough treatment it loses a considerable poition of its 
polarity ; for e.xample, if it is dropped on the floor, or struck 
with a hammer several times, its strength is reduced to a 
marked extent. 

Expt. 16. — (i.) The effect is far more evident when a piece 
of fairly soft iron is used rather than steel ; for example, 
a French wire-nail about 7 cms. long is suitable for the 
purpose. Magnetise the nail by Single Touch, and test 
its magnetisation by bringing it near to a compass- 
needle, Strike it several times with a hammer, and 
test again ; it will be found to have lost a considerable 
portion of its polarity. 

The twistings or distortion^ of a magnet produces the sanne 
effect as hammering. 

(ii.) Cut off a length of stout soft steel (p. 16) wire about 
14 cms. long, and bend the ends at right angles 
to the wire, thus ; | " ]| ; this will enable the wire 

to be readily twisted by hand. Magnetise the straight 
portion of the wire by the method of Single Touch ; test 
its magnetisation by bringing it near to a compass- 
needle. Twist the wire to and fro several times, 
and observe that it has lost all, or nearly all, its 
polarity. 

If a magnetised needle is healed to bright red heal in a 
Bunsen (or blow-pipe) llame, and allowed to cool, it will be 
found to have lost all its polarity, and will behave like an 
ordinary unmagnetised piece of steel. 

Expt. 17. — Hold a magnetised needle in a Bunsen flame 
by means of metal tongs, or by wrapping the ends of a 
short length of coi)per wire round the needle ; when red 
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hot remove it, and allow to cool ; test its magnetisation 
by means of a compass-needle. 

It will be seen from these experiments that the 
degree of magnetisation of a magnet is considerably 
diminished, or perhaps even aestroyed, by rough 
usage or by great heat. 

Permanent Magnets cannot be made of Soft Iron. 
— The electro-magnet exemplifies this, for the soft iion cores 
cease to be magnetised when the current ceases. I'lie student 
may verify the fact by attempting to magnetise a piece of soft 
iron (t’.jf. a strip of galvanised iron) by the melhod of Single 
Touch. This difference between soft iron and .steel will be 
more fully considered in Chajiter III. 

Cast iron, steel, and wrought (or soft) iron differ from one 
another chiefly in the amount of carbo/i contained in tlnun. In 
cast iron there is always at least 2 per cent of carlion, while in 
the best soft iron it i.s almost absent, ]^^agnet^ are made from 
those kinds of steel which are capable of being “ hardened ” ; 
and suitable steels arc either (i.) high-carbon .steels, with 0.3 
to 1.5 per cent of carbon, or (li.) alloy-steels containing a con- 
siderable percentage of cither tungsten or chromium. 'Fhe 
best magnets are now^ usually made from luniistcHsh cl con- 
taining 5J, per cent tungsten and 0.6 percent carbon. 'The 
process of “hardening” appeals to change the iouiiition of 
the carbon in steel. Thus in harii iVee/” the caibon is 
apparently mixed with the iron, and not themietdly uiiiicd with 
it; but ill steeP^ the carbon chemically unites with the 

iron, and its presence can only be detected by careful chemiiail 
analysis. If a piece of steel is heated to Inight red luait, and 
then suddenly cooled by plunging it into water, or, better still, 
into thick vegetable oil oli\c oil), it becomes extremely 
hard and brittle, and is tcc'hnieally termed ; a 

steel needle in this condition may roadily be bioken in tlu‘ 
fingers. If the red-hot steel i.s allowed to cool slowly, by 
covering it with red-hot ashes, and leaving it until the ashes 
are cool, it becomes somewhat flexible, anil may lie bent 
without breaking; it is then known as “ .w;/*/ s/ee/i' 

In neither of these condition.s is steel most suitable for 
magnetisation, especially if we have no strongiu' appliance 
than an ordinary bar-magnet for the process; “glass-haul" 
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steel is too hard, and “soft steel” is too soft Intermedidite 
degrees of hardness are obtained by tempering the steel 
after it has been glass-hardened ; this consists in reheating the 
glass-hard steel to a temperature below redness, and suddenly 
cooling it when the requisite temperature is reached. If the 
surface of the glass-hard steel is carefully cleaned with emery 
powder, a gradual rise in temperature is accompanied by 
changes in the s/ieen^' of the surface of the steel. These 
changes are best seen by holding the steel in such a position 
that the light from a window or gas-burner is reflected from 
the surface to the eye of the observer. The tints which suc- 
cessively iippear are light straw at 220° C., dark straw^ 
brown^ violet^ and deep blue at 320“ C. 

Long needles are most successfully magnetised if they are 
tempered to a deep blue tint ; short needles are perhaps better 
when only slightly tempered. It may be added that, for 
reasons which will be explained in the next chapter, the harder 
the steel the more difficult is it to magnetise. It is well, 
therefore, to temper a needle thoroughly if it is to be mag- 
netised by means of another bar magnet, and only to use the 
steel with less “ when an electro-magnet is available. 

Expt. iS. — Glass-harden a sewing-needle; clean the 
surface of the needle thoroughly, and lay the needle on 
a thin sheet of iron (or asbestos millboard) which is 
gradually heated by a Bunsen flame ; when the desired 
tint is obtained, suddenly cool the needle again, and 
proceed to magnetise it. 


CiiiHF Points of Chapter II 

A far higher degree of magnetisation can be obtained in artificial 
magnets Ilian is found m a natural magnet. 

The more common forms of artificial magnets are Tlie Bar- 
Magnet and The Horse-shoe* Magnet. 

The simpler Methods of Magnetisation are (i. ) The iXIcihod of 
S/rfe 7'oiir/i, and (ii.) 'J'iie Metliod of Dhuded I'ouih. 

A magm-t is said to j)o.ssess Consequent Poles when it exhibits 
regions of magnetic polarity at othei points hesules its extreme ends. 

A Laminated Magnet is made of thin .strips of steel which have 
been separately magnet i.sed, and afterwards fixed together with like 
poles in contact. 

C 
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' Magnetisation by means of an Electric Current aflbrds a 
much more powerful method of magnetisation than either of the siinjilei 
methods. The method consists in wrapping a sjiiral of eottoii-C(j\ eied 
wire round the piece of steel, and passing an electric curient 
through it. 

An Electro-magnet consi.sis of a solid lod of .soft ium, louml 
which a spiral of cotton-covered (or silk-eoveied) cop[)er wiie is wound. 
If a current of electricity is made to pass along the wiie, the iion is 
strongly magnetised. The iron cease.s to be magnetised as soon as the 
cuiTent is stopped. 

Tlie Magnetic Strength of a magnet is measured by the magni- 
tude of the effect which it has on another magnet placed at a gi\en 
distance away. 

Magnetic Saturation of a piece of iion or steel is ol.-taincd when 
the metal fails to acipiire a higher ilegiee of magnetisation, however 
much the magnetising jiower is strengthened. 

The degree of magnetisation of a magnet is considmably reduced, 
and perhaps even destroyed, by usai;,' oi b\ /hv//. 

If a piece of steel is lieated to led beat, .iiul suddenl} cooled, it 
becomes but if cooled slowly it bccimu's Neither of 

these conditions is the most suitable for making magnets. An inter- 
inecliale degree of hardness is obtained by slow ly lehc.itlng glass-hartl 
.steel up to a moderate temperature; this piocess is known as the 
tempering of steel. 


<^)LTKS'riO\S (-IN GllAf'I'F.k II 

1. Why is an artificial magnet usually ]ui'leired to a nalur.d 
magnet in order to magnetise a steel needle.'' 

2. A needle is to lie magnetised so that its cyt' .icquiies north- 
seeking pohiiity. Stale fully bow' you would ]tioi'eial to do this (i. ) hy 
the mctlmd of Single 'Touch, (ii.) by (he method of Divided Touch. 

3. JIow^ w'ould you expel imenlally dclenniiie whether a magnet has 
consequent }:)()les or not? 

4. What conclusion would you come to if a magnetised piece ol 
steel, when suspended, does not tend to t'ome to rest pointing in a 
north and south direction? If the steel is now broken into two parts, 
would you expect them to behave, when suspended sepaialely, in the 
same manner as the unbroken pii‘ce ol steel? (Give diagiams lo 
explain your answer. ) 

5. Why is it possible lo obtain a stionger magnet if it is laminated 
than if the same amount of steel is ma<le into a solid magnet 

6. Describe brielly the apidiances you would us<' in order to mag- 
netise a piece of clock-.spring as .strongly as possible. 

7. What is meant by tlie term su/in a/hvi 



CHAPTER III 

MAGNETIC INDUCTION 

Apparatus rcqttired. — Bai'-magnets and horse-shoe magnet. 
Compass -needle. Iron filings. ScA^eral strips of gal- 
vanised iron (lo cms. x i cm.). Small w'ire nails. 
Sewing - needles and knitting - needle. Suspending 
stirrup. Steel pen-nibs. Pieces of steel and soft iron 
of exactly the same dimensions. Iron nail. Blow-pipe 
(or Bunsen-burner). 

Magnetic Induction. — The simple experiment (E.xpt. 4) 
in which a suspended unmagnetised needle is influenced by 
the pole of the lodestone held near to it, may afford still 
further information. When the pole is brought near cither 
•end, the attraction which is observed might, at first sight, 
suggest that it was simply a case of “Unlike Poles attracting,” 
and that we should find “ repulsion ” when the other end of 
the needle is tested. But on completing the experiment in 
this manner wc again find “ attraction.” It would seem either 
that an entirely new phenomenon is being brought into ]fiay, 
or that polarity in the needle appears ’cC'/icfn f/ie }nag‘- 

net is brought ?jcar one end, and again appears, but in a 
re2>erscd direct! o?i, when the otlier end is tested. To decide 
this point, it will be necessary to test the polarity of the distend 
end of the needle while the magnet still remains in its first 
position. I'o enable the effects to be more marked, use a 
much larger needle, eg. a darning needle, 12 or 14 cms. long."' 

Expt. 19. — -l iold a strip of galvanised iron in line with the 

^ very suitable material for induction (‘x'lJeriinents is the tliin 
geli’en/Iseit iron ” which is iised in ninking biscuit-tins and tobacco-tins; 
this material is made by dipping sheets of thm .s<ilt iron into a bath of 
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magnet’s axis, the end not quite touching the pole ; bring 
the distant end of the iron into contact with some iron 
filings, and notice how these cling to the iron. Reverse 
the strip of iron, and again test. The c|uestion still remains 
as to whether the polarity is N-secking or S-seeking. 

Expt. 20. — Fix a strip of gnilvanised iron (7-8 cms. long) 
on to the top of a glass-tube support, similar to Fig. 4. 
Support a bar-magnet horizontally on wood blocks so as 
to be at the same level as the iron strip and with its 
N-seeking pole about i cm. from the end of the strip 
(Fig. 13). In order to test the polarity set up in the iron, 
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hold a second bar-magnet in the hand anti tiiiickly bring its 
S-seeking" pole towards the near end of the iron ; observe 
the slight repulsion. Ry timing the alternate a])proach 
and withdrawal of the magnet a considerable osiillation 
can be set up in the iron. Similarly, by rcweising the 
magnet held in the hand, the polarity of the distant end 
of the iron may be tested. 

The iron consequently obeys both the contirmatory tests 
for magncti.sation, and the magnetisation may be eitlrer 
“ it'uiporary ” or “ pennanenty 

Expt. 21, — Remove the stationary bar-magnet of Expt. 20, 
and repeat the tests. 'I'he strip now behaves like an 
Linmagiietised piece of iron. 

It is evident that the stiip of iron actually k'ionit's <t uiayNet 
%vhc}i it is near to the har-niaynet^ but ct'ases t<» be one as soc»n 
as the magnet is removed. We say that jiolarity h;is been 
temporarily induced in it, and that its behaviour in Expts. 19 
and 20 is due to may netie induction from tlu; bar-magnet. 

When a piece of iron or steel is magrnetisod by 

molten tin. Strips about 10 cms. long by r cm. wnic air <-oii\('nit>nt. 
All the experiments are more evident if the strij[)s are brought mlo at'tiiaf 
contact with the nuiguet. 
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induction, the end farthest away from the inducing 
pole acquires polarity of the same kind as that of 
the nearest pole of the permanent magnet, while the 
nearer end acquires polarity of the opposite kind! 

If the piece of iron is really a magnet, then it also should 
be capable of inducing polarity in a second piece of iron held 
near to it. 

Expt. 22. — Support on wood blocks a bar-magnet and an iron 
strip so that the latter is in line with the magnets axis and 
quite near to it Suspend a second strip of iron as shown 
in Fig. 14. Test the polarity induced in the latter. 

We can^now understand the cause of all the phenomena of 
attraction which a magnet displays towards magnetic substances- 

N 



Fig. T4. — To illustrate E.>;pt. 22. 

The experiments prove that magnetic induction always 
precedes attraction, and that these phenomena are all in 
accordance with the simple law that,“ Unlike Poles attract P 
Magnetic Induction depends upon the relative posi- 
tions of the bar-magnet and soft iron. Mere proximity 
to a magnet is not the only condition requisite for induced mag- 
netisation, for much depends upon the J)a?-t of the tnagnet 
towards which the soft i?'on points. 

Expt. 23. — Bring a strip of soft iron towards the centre of a 
magnet, and pointing at right angles to its axis. No in- 
duced magnetisation can be detected. If the bar is held at 
same distance from the mag net, but pointing towards one of 
the poles, the induced magnetisation is quite evident; and 
it is possible to observe that the iron acquires most magnet- 
isation when its length is in line with the magneths axis. 
Therefore, induced magnetisation in a piece of soft iron due 
to a bar-magnet depends both upon the distance apart, and 
also upon the re/afive directions of the magnet and the soft 
iron. (See also Expts. 25 and 26.) 
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- The phenomenon of magnetic induction can be illustrated 
by several most instructive experiments, whicli can be carried 
out with tlie simplest ap{)lianccs ; it may l^e 
useful to supyest one or tvo at this ])oint. 

KxJ'T. 24. — Clamp a larye bar-maynet in 
a vertical jiosition, note the polarity of 
the lower end, and hanp from it a strip 
of yalvanised iron. briny into contact 
with the iron a number of small wiic- 
nails, and notice how lony a chain of 
nails can be suiiportcd. d'he iron anti 
each nail are tcm|)oranl\' maynetised. 
'Test the jiolarity of the extreme end of 
the chain by means t)f a compass- 
nectlle (f'iy. i 5). 

Ifxf'r. 25. -briny near to the end N the 
south -seekiny pole of a st‘contl bar- 
maynet. 'This secontl inaynet will also 
act inductively on the iron and nails, but 
the induced polarity will be ojiposite to that already 
present. The may- 
netisatiou of the 
iron and n.ails is 
consetiucntly weak- 
ened, and most ol 
the nails fall off 
(Kiy. iG). 

ExI'T. 26.- - Rejilace 
everythiny as in 
Icxpt, 24. Now 
place the south- 
scekiny ]iolc of a 
second bar-maynet 
■ just below the end 
of the chain of nails. 

We t'an now add 
two or thrc'e more 
nails ; the induction 
due to the south- 




Fill. iCi. 'I'o illu.siratc b'.vjil. v>j. 

seeking pole tends to .strengthen that originally present. 
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and consequently the induced polarity is increased (Fi^ 
17). Remove the south-seeking pole, several nails 
will fall off ; if the north-seeking pole of the second 
magnet be now placed close to the end of the chain, 
more nails will fall off (Fig. iS). 

Expt. 27. — Suspend from the pole of a vertically-clamped 
magnet a bunch of sewing -needles, or three or four 
strips of galvanised iron. Notice that the lower ends of 
all the needles have similar polarity, and mutually repel 
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each other — the needles consecjucntly bunch outwards 
(Fig. 19). 

In Expt. 25 it is evident that induced polarity can he 
produced in a piece of iron which is already in a state of 
induced magnetisation. Can we cause magnetic induction in. 
a piece of iron viiich is a ^permanent magnet ? 

Expt. 28. — Feebly magnetise a long knitting-needle, and 
suspend it in a stirrup. Hold the pole of a strong bar- 
magnet some distance away, and observe the repulsion 
between similar poles. Rapidly bring the magnet 
to within an inch of the repelled end of the needle, 
when ihe original repulsion is converted into a strong 
attraction- 
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Evadenlly mag/ic/ic l/uiift/io/i itui p?'oih(LC a rt-z'e/'sa/ ^i/' //te 
polarity of a iuayjiet. 

At a great distance the induced magnetisation is weak, and 
its effect is hidden by that of the permanent magnetisation ; 
but when the magnet is brought near to the needle the induced 
magnetisation is not only sufficient to neutralise tlic jieimanent 
magnetisation, but completely overpowers it. 

This phenomenon, unless it is guarded against, often giv'cs 
rise to incorrect conclusions in an experiment. It is most 
important in all such exjieriments to yracfi/ally 
bring the piece of steel or iron under examination 
from a distance and towards tlie compass- 
needle, and to watch carefully for the effect. 
If the two ends have unlike polaiity, t/ie i/i- 
duced polarity due to the < o/upass-needle aids the 
true attraction wliich should be observed. It 
is only when the polaiitics are like that the 
true repulsion may be masked by the attraction 
due to magnetic induction. 

Retentivity. — If we carry out simple ex- 
periments on magnetic induction both with soft 
iron anti wnth hard steel, we find that the 
behaviour of these two materials differs con- 
siderably. This differeiK'e is not so easy to 
tibservc as long as the substance remains in 
Fig._ iq— -To ex- actual contact with the magnet, but beconns 

Xihuii ^7- . , , . . ' , - , 

very evident when it is removetl from the 
ncigdibourhood of the magnet. 'The soft iron, when rtmmvetl,, 
immediately ceases to show magnetic properties. W'e may 
say that soft i?vn soon forgets the treatment to lohhh it has 
been subjected. but hard steel, after removal, c'ontinu(‘s to 
e.xhibit magnetic properties — iron filings will still cling to its 
ends. In fact it continuc.s to e.xhibit all the propertiecs of a 
magnet. We may say thtit hard steel does not Jorget its 
previous treatment. To remove the induced magnetisation 
from steel we must subject it to rough treatment, e.g. strike it 
several times w’ith a hammer, or drop it on the lloor, or in 
some other way disturb the arrangement of its minute 
particles. 

The power of retaining magnetisation after the 
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magnetising force is withdrawn is termed Retentivity,, 
Some specimens of steel will retain as much as 90 per cent 
of the original magnetisation ; so also will soft iron, if not 
subjected to iJie slightest mechanical disturbance, 

Expt. 29. — Clamp a bar-magnet vertically, and suspend 
from the pole a piece of soft iron, from the lower end of 
which several wire nails are hanging. Carefully remove 
the soft iron, and observe the nails soon drop off, 
showing that the magnetisation induced in the soft iron 
is rapidly lost. 

Now attach a short piece of hard steel to the pole of 
the magnet, and hang from the steel as many nails as 
possible. Carefully remove the steel, and notice that 
nearly all, or perhaps all, the nails continue to hang 
from the steel. The magnetisation in the steel remains, 
even though withdrawn from the influence of the bar- 
magnet. 

If a piece of hard steel of suitable size is not to hand, 
the effect may very well be shown with ordinary steel 
pen-nibs. 

Susceptibility. — The degree of induced polarity, when a 
piece of iron or steel of given dimensions is placed in a 
magnetic field, depends upon (i.) the strength of the field and 
(ii.) the nature of the iron or steel. Within certain limits, an 
•increase in the strength of the field causes with both materials 
an increase m the induced polarity ; but, for a given strength 
of field, tlie induced polarity set up in soft iron is always stronger 
than that set up in hard steel. We say that the suscepti- 
hility of soft iron is greater than that of hard steel. 

When a piece of soft iron is brought near to the pole of a 
compass-needle, the permanent polarity in the latter mduces 
polarity in the soft iron, and the compass-needle is attracted— 
the stronger the induced polarity the greater is the deflection 
of the needle. When a piece of hard steel of the same dimen- 
sions is substituted for the iron, the deflection of the needle is 
Icss^ because the induced polarity in the steel is less. 

Expt. 30. — Suspend a magnetiscdncedlcjust above the level 
of the talDle, and place a bar of unniagnctiscd steel horizon- 
tally with its end near to the north-seeking pole of the 
* needle, and its length perpendicular to the ncedle’'s axis, 
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Now place the soft iron similar bi/C‘ to the steel) on 
the opposite side of the needle, and alter its distance 
from the pole until the needle again jioints to tlie noith 
(Fig. 20). The soft iron completely ncutialiscs the 
effect of the steel, although it is mucli farther an’ay from 
.the needle than the steel is. 

Sn fr Fnv/ 


Fk,. .-m. — ICvpt. 30. 

Effect of Heat on Magnetic Induction. — We have 
already learnt that e.xcessiAC heat will destroy the power of a 
permanent magnet to retain its polarity. //'/// in the 

same way, prc-'cnf f/w (tcquirmu'/if <1/' ///(h/ceef ? 

Expt. 3 I.-- Heat an iron nail to blight redness in a blow- 
pipe llanie, anti ^\hile still hot, touch the nail N\ith the 
pole of a bar-magnet, and repeat the contact .sct'eral 
times while the nail is cooling. 'The nail is not atlrat ted 
in the least until it has consideiably t'ook'd, wlum it 
suddenly reacquires the propei ty tif being atliatted by 
the magnet. 

Hence, reZ/fV/ /s Iictilt'd (o a /d\'// icmS'nuii ) // fUK 
possesses t/ic ty'/c/y/p ifunifh'tiscd er Z/idi/i 

Effect of Vibration on Induced Polarity.— - In the 
previous chapter it wtis found that rough usage, or any (any 
of violent vibration, diminished the pcaananent indarity in a 
bar-magnet. Does rough usage pre\ent the acquiieinent oi 
induced magnetisation ? 

Exp'r. — Place a stiip of si>ft iron in line with the a.\is 
of a magnet, but not ciuite in conta('t with it. X'erity 
the presence of the induced polarity, and also its 
disappearance as soon as the iron is gently reinovial 
from the neighbourhood of the magnet. Again jilac'e it 
near to the magnet, and while in this position strike it 
several times with a hammer. When leinovtal to a 
distance it will be found that the indtu'ed jiokirity 
is still present — in fact, the iron has aequiied slight' 
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pennanent magnetisation. Since the 7 'etentivify of sof$ 
iron is small, a few taps with a hammer will suffice to 
remove every trace of this -permanent magnetism. 

Hence, when near to a magnet, vibration or any disturbance 
of the particles in a bar of soft iron will aid the acciuirement 
of induced magnetisation, and may even give rise to slight 
permanent magnetisation, which is 
readily destroyed when the iron is 
afterwards subjected to vibration at a 
distance from the magnet. 

Keepers. — Any type of magnet 
tends, more or less, to demagnetise 
itself. Previous experiments have 
shown that polarity is imparted to 
any piece of steel or iron placed 
between two unlike magnet poles ; 
thus, in the case of a bar-magnet 
(Fig. 2 ia\ the two poles tend to have 

wl-s| 


this effect upon the magnetised steel 
ivliich lies bet-wccji and I0 create 

polarities (.i') and(;/) within the magnet 
Fi(-. 21. 1 loi^c-siiuj: ni.i.nntL itself. In other words, the poles 
aikl kcxpci. reverse the direction of the 

magnetisation of the steel. When a piece of sojl iron is 
placed so as to join together the two poles, the opposite poles 
induced in the iron more or less neutralise this effect of the 
poles upon the magnet. The piece of soft iron is termed a 
keeper. 

In the case of a horse-shoe magnet (Fig. 21) the ]Jo1c FT 
induces S-sceking jiolanty at the near end of the keeper, and 
N-secking polarity at the distant end. The other pole has 
the same effect ; consequently the two poles help each Qt/tei\ 
and ]Droduce in tlic keeper a greater degree of polarity than if 
they acted independently. 

A keeper for a single bar-magnet would need to be a long 
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Vent piece of iron. This difficully is o\ercome by storing the 
magnets in pairs (Fig. 22) opposite poles fo^^etIie}\ and 

with a keeper at each end of the pair. Further information on 
keepers is given on p. 91. 

Lifting Power of a Magnet.— The force which must be 
applied to separate a keeper from its magnet dejiends not only 
upon the strength of the magnet- 
pole, but also U]x>n the degree 
of induced magnetisation in the 
keeper. From the above state- 
ments it is iea<li!y seen that a 
horse-shoe magnet will support, 
by means of its ke(*]K*r, a much 
heavier weight than will a single 
bar-magnet of the same dimen- 
sions ; cxperimcaits go to show 
that it will support three or four 
times as heavy a load. 

The lifting ])oweralso dc'petuls 
to some e.vtent upon the aeeuruey 
of coiitact betwt'en the magnet- 
])oles and the keeper, and upon 
the shape of the surfa<es of <'on- 
tact. A k(‘ep{‘r will support a 
greater weight if its surface of 
contact is shaped like an inverted 
letter V instead of being quite tlat. (For the true (explanation 
of this phenomenon reference must be made to a more 
advanced text-book. ) 

Precautions in using Keepers. — (i) Never omit to 
replace the keeper when an experiment is iinislKHl. 

(2) Carefully wijic the magnet-poles l^efore attaching the 
keeper, so as to remove any iron tilings or solid matter 
from the surface. It is im]K)rtant that the contact between 
the keeper and pole - surfaces should be as perfect as 
possible. 

(3) Occasionally rub the surfaces of the magnets and 
keepers with oil to prevent rust. 

(4) Never allow the keeper to slam on to the magnet- 
poles ; it is very liable to weaken the magnet. 



Fig. 22 —A pair uf bar-magnets 
and kcepeis. 
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( 5 ) Vigorous removal of a keeper is 7iot injurious; in faat 
it is more beneficial than otherwise. 


Chief Points of Chapter III 

Magnetic Induction. — A piece of iron or steel is ianporarily 
magnetised when held 7tear to a bar-magnel, but the magnetisation 
disappears as soon as the magnet is removed. The end of the iion or 
steel which is nearest to the inducing pole acquires polarity of the 
opposite kind, and the distant end acquires polarity of the same kind. 

Induced magnetism in one piece of iron or steel can induce mag- 
netism in other pieces of iron or steel. 

Magnetic Induction always precedes attraction. 

Magnetic Induction depends upon the relative positions of the per- 
manent magnet and the pieces of iron or steel. 

Magnetic Induction due to one permanent magnet may be neutialised, 
partially or completel}', by that due to another neighbouring magnet. 

A Reversal of the polarity of a magnet may be brought about 
by Magnetic Induction. 

Eetentivity (or Coercive Force) is the power which iron or steel 
has of retaining its magnetisation. 

The Susceptibility of a magnetic substance is the relative degree 
to which it will become magnetised when placed near to a permanent 
magnet. 

Great Heat prevents magnetic induction. 

Vibration, or any rough treatment, aids the acquirement of induced 
polarity. 

Magnetic Keepers assist Jiermanent magnets to retain their mag- 
netisation. 

The Lifting Power of a magnet depends not only upon tlio 
strength of the magnet, hut also upon tlie degree of induced magnetisa- 
tion in the keeper. 


(^lUKSTIoNS ON CHAI-’I-KR III 

1. A liai-magnef is lu-ld veilieally, and two ei|ual straight ])ieces(»f 
Soft iron wire hang dow nwanls from its lower end. 'Fhe Iovvct end (»f 
each of these wa’re-. e.in by itsell hold \ip a small scrap ol iron ; !>ut if 
the lower ends ol botii wires loueh lire same serap of iioii at the same 
lime, tlu’v do not hold ii up. What is the teason of this r* 

2. I'wo sinnl.ir lods of .Mill iron have each of them a lung thread 
faslentsi to (Mie ejul, by whieli they h.tng v<.‘itieally side by si«h*, ()ii 
bringing nea,i li; the intn rods, from below, one pole of a strong liai 
magnet, the rods sep.irate from e.ieli oilier. Explain lhi‘', 
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# 3. If a compass-neecllc is deflected when a steel ])ar is hruuglit near 
it, how can you find out whether the deflection is due to magnetism 
already possessed by the bar, or to the bar liecoming magnetised by 
the compass-needle at the time of the experiment ? 

4. You have given to you two rods, one of soft iion, the othci of 
hard steel ; also a compass-needle and a bar-magnet, ])eseribe expeii- 
ments with the things provided whereby you could fiml out which was 
the iron and which was the steel lod. 

If the rods are of the same si/c, dc.scribe how you could ilisjiense 
with the bar-magnet and still distinguish the iron from the steel, 

5. A bar-magnet is laid on a table with its N end projecting over 
tlic edge. A soft iron ball clings to the under side of the proji'cling 
end. State and explain what hap]>ens when tlie S pole of a second 
magnet is brought (i.) above and near to (he N pole ol (lie fust, (ii.) 
l)clow and near to the iron ball. What will happen if the pole ol 
the second magnet is bioiight below' and near to the iron ball ? 

6. A compass-needle and a straight stiipof soft iion of the same 
length as the compass-needle are fastened togethei so as to be in con- 
tact with each other at both ends. Will the foiee whieli tends to 
make the combination point north and south be the same as that which 
W'ould act on the compass-neeille alone? (live leasons for )our 
answer. 

7. A jdece of soft iion, jilaced in contad with both poles (tf a lioise- 
shoc magnet at the same time, is held on with more than Iwiia* thi- 
force w'ith vvhicli it w'onkl beheld if it weie in contact with on!) one 
pole of the same magnet. Why is this ? 

8. A bar-magnet is laid upon the table, and a soft iron bar ol about 
the same length as the magiiet is hung lioii/ontally just above it bv a 
ilexilile string. W'liat will be the effect on the .soft iron bar if a second 
bar-magnet be laid 011 (he table and giudually bioiighl near the tlist ;it 
light angles to it, and with its nurth-seeking pttle pointing to the 
middle of the fiust magnet? 

9. Two bars of .soft iron are .so placed to the east and west of the 
north pole of a compass-needle that the lU'etlle still points north .ind 
south. If the iron to the east of the needle is rejiku’ed by a bar oi 
hard steel of exactly the .same .si/e and shaj^e as itself, will the ihreinitm 
in w'hich the needle jioinls be altereil ? If so, in which direction will 
it move ? and W'hy ? 

10. One pole of a magnet made of soft inm and only feebly 
magnetised is ibuml to be repelled by the north pole of a stioug magnet 
when the latter Is some distance away, but to be attiacteil when ihc 
magnets are brought close together, blxplain this. 
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Apparatus required. — Set of gram weights (loo — .ooi). 
Metre scale and yard - measure. V -shaped block of 
wood to serve as fulcrum for metre scale to exemplify 
Law of IMoments. hloclel for experimental proof of 
Law of Moments. Protractor. String. Pulley-wheel. 


Force is an expression adopted, unfortunately, as a mode of 
expression in both mental and mechanical phenomena. This 
wideness of application I'cnders it necessary to 
explain with accuracy the extent and meaning of 
the word as used in this little book, and to indicate 
pot only its strict scientific sense, but also how 
this interpretation forms the keystone to physical 
measurement. 

Let us examine a simple case of mechanical 
force. A stone suiiported by a string, which is held 
in the hand, ie/ui.s to fall towards the earth — the 
earth exeits -.i /'o/'ce of a/irneiiofi on the stone, and 
this force is termed iho forre of grtii' if at io?i. Why 
does the .stone lemain at rest? Muscular exertion 
is recpiired to i>rcvent the fall of the stone ; the 
hand nuist exert as much force in holding' the stone' si- 

up as the earth exi'rls in trying to jmll it down. If 
the muscular exertion of the hand ceases, tlie stone ‘-tumL sup- 
falls downwards, in aciairdance with the force rif luin'i;. 
gravitation. When the stone was at rest, tlu^ two 
• forces were ac'ting in opjiositc directions. If the mass of the 
stone is tloubled. then, to still remain at rest, the muscular 


I 
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‘force of the arm must also be doubled. The stone is only at 
rest because the forces are equal and opposite (Fig. 23). 

Since a force may be completely defined by stating its 
point of application, its direction, and its magnitude, it may 
be represented diagrammatically by means of a straight line. 

All these conditions arc fulfilled in a 
'2F diagram by drawing a straight line from a 
certain point, in a certain direction, and of 
a certain length. Thus, the two cases of 
a stone supported by a stiing, mentioned 
above, may be fully represented by Fig. 24. 

When both P and W arc acting, a 
Force may be defined as that which 
tends to produce a movement of 
any body. If the string is cut, then W 
only is acting, and the stone commences to 
move in the direction in which W is acting ; 
the tendency of the force W at once 
-aW becomes evident. 

Fici. uupicN oi When fragments of iron are lifted by 

c‘(itial ind opposite a magnet, they only remain sui^portcd so 
long as the force of magnetic attraction is 
stronger than the attractive force of the earth upon the fnig- 
ments. If the attractive force exerted by the magnet suddenly 
becomes weaker, the fragments will fall off in obedience to the 
greater force of gravitation. 

l^earing this in mind, it does not follow that Ijccause .a 
body is at rest that no forces are acting on it ; fir example, if 
the pole of a magnet be placed a .short distance above a heap 
of small iron nails, though no visible effect on the nails is 
obtained, the force of magnetic attraction is still acting, and it is 
only hidden by the fact that there is also the grt'alcr force of 
gravitation keeping the nails at re.st. 

Mass and Weig’lit.- - In the year 1686 ilu* Law of 
Gfravitation was enunciated by Newton in tlu‘ fillowing 
terms; — Every jnifiiiie in the universe ntirutx ex'cry other 
pafiicle with a force actiny; in the direet/on (f the Une Jidn/ny 
the two particles' ; the niaynif tide of this forte is proforiional 
to the product of the masses of the two ptirtities^ and in:'erseiy* 
proportional to the square of the distance hetween the partieiesi^ 
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By saying that the force varies inversely as the square o[ 
the distance is meant that if the distance of the particles apart 
is doubled^ the force of attraction will be reduced to o 7 ic~Jourih 
of its original value ; if the distance apart is trebled^ the force is 
reduced to onc-ninth^ and so on. 

This law of invc?'se squares^ as it is often termed, is appli- 
cable to other physical phenomena besides that of Gravitation; 
it is certainly true of magnetic phenomena, and an experiment 
will be described in the next chapter (p. 55) which will prove 
that the magnetic effects between two neighbouring poles vary 
inversely as the sc[uare of the distance between them. 

The earth itself is a huge mass always exerting an attrac- 
tion on neighbouring masses. The force of attraction which 
the earth exerts on any mass is called the weight of the mass. 
If the distance of the small mass from the earth is increased 
the 'iveighf will be less ; this effect has been verified by sus- 
pending a mass from a spring-balance and observing that the 
spring is extended more when the mass is at the foot of a 
mountain than when the mass is at the top of a mountain. In 
these two cases the mass is the same., but the weight varies j the 
difference in the weight would, however, be very small, and it 
is sufficient for ordinary purposes to regard the weight as being 
constant in all parts of this country. 

Mass may be defined as the qim?itity of ^natter in a body. 

. Units of Length, Weight, and Force. — When wc 
express the weight of a substance, we say that it weighs 
so many more times than the weight of a pound mass. The 
weight of a pound is our unit of weight in England. Also the 
yard is our unit of length. 

In nearly every other country the unit of mass is \\\^ gra 7 n, 
and the unit of weight that of the gram. The unit of length 
is the ccjitimctrc. These units are also universally used in 
scientific work. The centimetre is the -j-Wth part of the 
metre, which is equivalent to 39.37 inches ; so that the centi- 
metre is equal to 0.3937 inch, or i inch is approximately 
equal to 2.54 centimetres. The g)'am is defined as the mass 
of a cubic centimcti’e of water at a certain temperature, and is 
eciuivalent to about 15.43 grains. 

It is also necessary to have a imit of force, so that any other 
•force may Idg described as being equal to so many units of 
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^force. In praciical work it may be sufificient, at first, to take 
the weight of i gram as the unit of force ; ^ then, if a force 
is described as being' equal to twenty units of force, it will be 
clearly understood that the force is equal to the weight of 20 
grains. 

Parallelog'ram of Forces. — If a body tends to move in 
two different directions simultaneously, it docs not follow 
either, but moves in an intermediate direction. If the two 
directions of the original movements are represented by straight 
lines, the length of each being proportional to the rate with 
which the body tends to move along that line, and if the parallelo- 
gram of which these two lines are adjacent sides is completed, 
then the body will move to the opposite corner of the parallelo- 
gram ; its path will be represented by the line joining the two 
opposite corners : this line is called the diagonal. 

For example, imagine a man standing at the point A (Fig. 

25) in a railway truck which moves uniformly in one 



FlU. 25. — 'I'he panillclognitn of vdocilici or of foirus. 


second from A to A', and imagine that at the same 
moment the man begins to walk from A to B. At tlie 
end of the time he is neither at A nor at B ; his }’)o.sition 
is B', and the path he has actually traversed is AB'. 
The position B' might have been arrived at if the man 
had stood still at A, while the truck carried him to A', 
then if the truck stopped and the man commenced walk- 
ing in the direction originally intended he would again 
arrive at B'. I'he only difference in these two methods 
of arriving at B' is that in the first case the movements 
of truck and man take place simultant'ously, but in the 
second case they take })lace consecutively. 

Since motion of a body is produced only by the aj)plication 
of a force, and the degree of motion is propoj'tional to the 

^ In pliysical nicasureinents it is inoie usual to use the ahsoluie unit of 
force (called the Dyne). The dyne is wjual to about the vvciglit of i 
nalligraiu. 
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Fig. 26. — The moment of F 
round O is FxOP. 


magnitude of the force acting, the same principle of the 
parallelogram may be used to determine the combined effects 
of two forces which act upon a body simultaneously. Hence, 
if two forces act on a body, the result is the same 
as if one single force, repre- 
sented by the diagonal of 
the parallelogram constructed 
from the two forces, acted 
upon the body. This diagonal 
force is called the Resultant. The 
original forces are called the Com- 
ponents. 

The Moment of a Force. — 

When a body, free to move, is acted 
upon by a force, it will move in 
obedience to that force in the 
direction in which the force is acting. This result ceases 
to hold good when the body is fixed at one point. For 
example, suppose the disc ABC (Fig. 
26) to be fixed at the point 0, round 
which it is able to rotate, and that a 
force F is acting at the point P, in a 
direction perpendicular to OP. The 
I force will cause the disc to rotate round 
O. The arm OP represents the leverage^ 
or purchase^ which the force has round 
O ; the longer OP is the greater is the 
leverage of the force. The power to 
produce rotation depends upon the mag- 
nitude of both the force and the arm, 
-Pif;. ay.—The moment of and is expressed numerically by the pro- 
F round o IS FxOP'. duct of the force and the length of the 
arm. This product is called the Moment of tbe Force 
round O; or 

Moment of Force = Force x Arm. 



If the force docs not act in a direction perpendicular to OP, 
the moment round O is no longer equal to the force x OP ; 
its perpendicular arm is now OP' (Fig. 27), and its moment is 
€qual to the force x OP'. It is evident from the diagram that 
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the point of application of the force may be moved from to 
P' without in any way altering- its effect. Hence the iwni of 
the force may be defined as the perpen- 
dicular distance of the fixed point from 
the line of action of the force. 

If the force, or its line of action, pass 
through the fixed point, then it has no 
leverage round the point. 'Fhc length 
of the arm is zero., and therefoie the 
moment of the force ~ zero. 

The Sum of the Moments of two 
Forces. — (i.) When the fortc.^ trre at tinj^- 

Fig. aS.— Tiic diiroicnce of in the same direction (Yv^. 28), and on 
the municnUs of two forces. •, • , r .1 r ' i • * r 

opposite sides ot the iixed point. In 
this case the forces tend to produce rotation in o])posite direc- 
tions, and the direction of rotation will 
depend upon the difference of the 
moments of the two forces. If the 
moments arc equal the disc will remain 
at rest, and this equality of moments 
may be written 

FxOP = F'xOP'. 

(ii.) When the forces a?’c aetinf^ hi 
opposite directions (Fig, 29), and on 
opposite sides of the fixed jioint. The 
two forces tend to ])roducc rotation in 
the same direction. The rotational 
effect will depend upon the sum of the moments of the two 
forces, and the total moment may be written 



(FxOP)-j-(F'xOiO. 

If F and F' arc equal to one another, they constitute what 
is termed a Couple. A Coi/fte may he defined as tioo equal 
and parallel forces acting in opposite directions. 'Die total 
force- moment may be written F(OP4 0 P'), or (FxPP'). 
Plence, the moment of a Couple is equal to one of the forces 
multiplied by the perpendicular distance befsveen the two 
forces. 

The principle of the Couple is most important in the study 
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of magnetism, and frequently affords a correct explanation 
of the results observed in experimental — 

work. i 

Its effect on a comparatively heavy E, 
body can be readily understood from 

Fig. 30. Imagine the couple F^Fj^ 

acting on the disc. The disc will move 

with increasing velocity into the position / y \ 

indicated by FgFo ; the velocity acquired / j \ 

will carry it beyond the position F2F2, 

and the couple, now acting in the y j j 

opposite direction, will gradually bring \. J 

it to rest in the position indicated by 

FgFg. The disc will now move in a 

similar manner back into its original 

position, and this cycle of movements 

will be repeated while the disc is slowly y 

brought to rest by the friction in the 

axle at O ; its final position of rest is Fig- 30.— The action of a 
indicated by F^F^. 'SSld body? 

It is also evident that the rapidity 
with which the disc will vibrate to and fro depends upon the 
strength of the forces F^F^. The stronger the forces are the 
more rapidly will the disc vibrate. 


Experimental Proof of the Law of Moments 

Expt. 33. — Obtain a thick cardbi ard disc ABC (Fig. 31), 
40 cms. diameter ; behind thej tentre of the disc fix a 
cork, D, through the axis of :h a tiglitly-fitting knit- 
ting-needle has been passed. le projecting end of the 
needle serves as an axis for tl thin wooden lever NS ; 
through the centre of the lew ightly fix a short piece 

of glass tubing, of slightly larg 3re than the knitting- 

needle, which enables the leve no\'e with less friction 
than if the lever itself is alk to touch the needle. 

At the point N fix a short Ic of stiff wire through 

the lever to enable threads to |■dily attached. One 

quarter of the disc is covere( i piece of squared 
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j>ape7\ so that the lengths of the ariiis OP and OP' may 
be mcasLu'cd. 

Rigidly support the disc by fixing the free end of the 



Fig. 31. — Diagram of apparatus for pioving the law of moments. 


needle in a clamp. Clamp a second piece of knitting- 



needle at E, and let it carry a short piece of glass tubing 
over which is passed the thread supporting the mass "W". 
During the experiment vary the clam]) at E in height. 
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so that the thread connecting NT and E is always hori-* 
zontal. The complete apparatus is represented in Fig. 

32. 

Hang 20 grams at W, and 10 grams at W " ; measure 
the lengths OP and OP'. Keep W the same, and make 
"W' equal to 20 grams ; again read OP and OP'. 
Repeat these measurements with varying values of W', 
and tabulate the results in the following manner ^ 


w 

W' 

OP 

OF 

WxOP 

W'xOF 

23 

13 

37-5 

63 

816.5 

S19 

23 

23 

52 

51 

1196 

”73 

23 

33 

59 

40.5 

1357 

1336.5 

23 

43 

64 

33 - 5 

1473 

1 1440-5 


Within the range of experimental error, it is evident 
that {W X OP^ is always equal to (W' x OP'). The 




S' 



F iG. 33. — The law of moments applied to a magnetic e.\'penment. 

lever is in each case at rest, and the moments of t/ie two 
forces W and W' are always equal and opposite. 

^ In this experiment the weights of the scale-pans should be pre\'iously 
determined nnd added to W and "W'. 
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*' Application of this Principle to a Mag'netic Experi- 
ment. — If a compass-needle is acted upon by two external 
magnets, as in the diagram, it comes to rest in a jiosition such 
that the moments of the two forces F and F' are equal and 
opposite (Fig. 33 ). 

The moment of F = F x O P = F x //P'. 

„ „ F' = F'xOP'. 

Hence (F x ^/P') = (F' x OP') ; 


In an actual experiment it is difficult to measure ;/P' and 




Fic. 34. — ExpLiiniii;, the Unripent of ;iti a 

an Ang’le. — Tlie j^rocess 


OP separat(‘ly, but the 
angle nOV' can be 
readily measureil if a 
raduated circle is iixed 
under the needle. 7'/it’ 

7 -aiio /s cailed ///i’ 

tailoYfit ()f //lY ilflillt' 

716 V\ 

If F' 1-)C ('ailed the 
<fc/4Y’///;g yiv'i’c, the 
above n^sull may be 
stat(‘d thus : —I'/ic dc- 
fo7re /s />7vp(’^'’ 
ti07ldl fO fiiC of 

J) //it' ani^/e of dt'Jit'ciioii 
prodiit cd. 


The Tangrent of 
of calculating the tangt'iU of 
an angle may be explained by taking the rase of the 
angle CPI) (Fig. 34 ). 

Select any point E in PC and draw ICF perpendicular 
to PD. EF', PF, and PE are termed tin ‘//ev/c/// /A 
the base, and the /iyJ>ott’7uise respectively, of the right- 
angled triangle EPF. 


The ratio 


length of pcrjiendic'ular 
IcngTh of base 


is 


t/ie /aayt'ii/ 0/ 
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the a?tgle CBD^ or 

EF 

tangent of CBD = — ~ . 

BF 

It might be thought that the value of the tangent would 
be different if the 
point E had been 
placed some- 
where else along 
the line BC. 

Had E been 
placed at E', 
then E'F' is 
longer than EF, 
but BF' is at 
the same time 
proportionately 
longer than BF, 

EF 

that gp has 

exactly the 
same value as 
E'F' 

Hence the 35- — Graphical method of calculatinc the 

1 '• h"'' tangent-value of an angle. 

numerical value of the tangent of an angle is quite inde- 
pendent of the size of the arms of the angle. 

Expt. 34. Examples of Tangents , — Draw AB perpen- 
dicular to BC (Fig. 35), and divide each into milli- 
metres by means of a scale. With a protractor describe 
several angles, afB, ^oCB, r2.,CB, etc. etc. 

For each angle measure tlm lengths of the perpen- 
dicular, and calculate the value of the tangent. Tabu- 
late the results thus : — 



Angle. 


I^erpen- 

dicul.T.r. 


Rase. 
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The numerical value of the tangents of all angles have 
been accurately calculated, and can always be found in 
books of Afat/u’inatical Tabhs. In experimental work, a 
far more accurate figure is obtained by referring to the 
table of tangent-values than by using- a protractor and 
measuring the lengths of the perpendicular and the base 


with a scale. 

Experimental Proof of tlae Tang-ent La-w. — This law 

has already been stated 
\A in the following terms : 
— T/ie dejlccthig force 
is propo?-tional to the 
tangent of the angle of 
defection produced. 1 1 
may be experimentally 
verified in. the following 
manner ; — 

E X PI'. 3 5 . — Fi X a 
nail at a point A. 
near to the top of 
a blackboard, and 
suspend from it a 
string which car- 
ries a mass "W. 
The string passc.s 
through a smooth 
ring B, which is 
I'onnccted to one 




_0L. 


I 3' 


Flo. 36. — DIagr.'im of .an expcnintiital proof of 
thu t:ini4cni l.uv. 


end of a second string, and this passes horizontally o\-cr 
a pulley-wheel fixed at C ; to the free end of this string 
a mass "W is attached. 


W remains unaltered during the experiment, anti may 
conveniently be equal to 100 grams. The mass w is 
varied, and may be made equal to 30, 30, 40, anti 50 
grams. llefore taking axiy measurements the ling 
at B is moved until the siring BC is horizontai. 
The results may be tabulated in the following 
manner : — 
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w 

w 

BB' 

BB' 

AB 






Work, Power, and Energy 

Work. — When a man endeavours to raise a heavy mass 
from the floor, he applies a force, acting- vertically upwards, by 
means of the muscles. At first the mass does not move, 
because the force of gravitation pulling the mass downwards 
IS greater than the force exerted by the muscles upwards ; so 
far no work has been done by the muscles. If the force 
applied is exactly equal to the force of gravitation, the mass 
no longer exerts any pressure on the floor, but it does not 
move. It is only necessary to increase the upward pull to the 
slightest degree in order to make the mass commence to 
move upwards ; then the muscles begin to do work. 

When the mass has been raised one centimetre, a certain 
a'mount of work has been done ; when it has been raised 
through two centimetres twice as much work will have been 
done. 

•The woyk done is proportional to the force overcome and to 
the distance through which the force has been overcome ; or, 

Work = Pore© overcome x Distance. 

Unit work is done when unit force is overcome through 
unit distance.^ 

I'hc pole of a magnet exerts a force of attraction on the 
opposite pole of a second magnet. If these two poles are 
forcibly drawn apart, inork has to be expended in doing this, 
and may be measured by the force overcome multiplied by the 
distance. So also, if the two poles are allowed to approach, 

• ^ 'Fho absolute unit of work is called tht^ Erg, and is equal to the work 

done by one d\ tic in moving through one centimetre. 
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the force of attraction is able to do work in drawing tlie two 
magnets together. 

Power. — A unit of work may be done rapidly or slowly — 
it may take a fraction of a second or it may take se\cral hours. 
In these two cases the rate at ’zahich work is done is very 
different. The rate at which work is done is called 
the Power. 

Unit Power is capable of doing one unit of work in one 
second. 

Energy. — When a mass is falling freely through the air, 
work is being done on it by the force of gravitation, Wliat 
becomes of the work done.? Is it absolutely disappearing and 
being lost, or is it assuming some other form ? 'flic latter is 
the correct assumption, for the work done on the body is 
simply being stored up. Owing to its motion, the mass acc[uires 
a capacity for doi/i<y ii> 07 d\ which may be utilisc'd making 
the falling mass turn machinery. It is for this reason j)ossiblc 
to make falling water turn a water-wheel. This capacity for 
doing work is called Energy ; and if the energy is clue to the 
actual motion of the mass, it is called Kinetic Energy. 

Potential Energy. — Work has to be expended in lifting 
a heavy mass from the door to the tabic. W’hcn the mass is 
on the tabic it is at rest ; it has no velocity, and lliereloie tio 
Kinetic Eiitwgy. What has become of the work done in lifting 
the mass? It is not lost, but is simply stored up, and the 
work so accumulated will reappear if the mass is allowed to 
fall to the door ; it is, in facd, capable of doing the work whi<'h 
has bet'U ex])ended iij^on it, if allowed to do so. Its latent 
energy is due to its position on the table abovt' tlie llof)r ; we 
say that the mass has Potential Energy, or energy due to 
position. If tlie mass is allowed to fall freely to the lloor this 
Potential Energy reappears as Kinetic Energy, which is dirc-cily 
capable of doing w'ork. 

When tw'o magnet-poles of similar kind arc place<l clo.se 
together, there is, as has been seen, a force of repulsion lend- 
ing to separate them; either pole has Potential Enm-gy due to 
its nearness to the other pole ; and if one of the poles is fn'c to 
move, its Potential Energy wall become Kinetic Ikicrgy in the 
retreating magnet, which will be capable of doing work owing- 
to its motion. 
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The two cases of the heavy mass on the table and of the , 
magnet-pole may be made more distinct from each other by 
saying that the heavy mass has gravitational Potential 
Energy, and that the magnet -pole has magnetic Potential 
Energy. 

Other Forms of Energy. — Energy may exist in many 
different forms ; thus mechanical energy, heat, magnetism, 
electrification, electric currents, and chemical action are all 
forms of energy. All these different forms are mutually con- 
vertible ; thus we can transform work into heat or into electri- 
fication, and 'Dice versa. 

Examples. Work a?7d Electrification. — (i.) If a stick of 
sealing-wax is rubbed on the coat sleeve the wax 
becomes electrified and heated. The work done in 
rubbing the sealing-wax partly reappears as electrifica- 
tion on the sealing-wax, and this is capable of doing 
work, for it is able to pick up fragments of paper from 
the table. 

(ii.) The work done by a water-wheel may be used to drive 
a dynamo, and so to generate an electric current. 

(iii.) The electric current from a dynamo may be used 
to drive an electric motor, which enables the electric 
current to be converted into work. 

Thus Electrification (also the Electric Current) and Work 
are mutually convertible. 

The Electric Cinv-cnt ajid Heat. — (i.) When coal is burnt 
in a steam-boiler, the chemical action of the burning 

. coal generates heat, which is converted into mechanical 
energy in the steam-engine, and this becomes a current 
of electricity when the engine is made to drive a dynamo. 

(ii.) If a current of electricity is passed through a 
thin wire, the wire becomes hot, and may be made 
sufficiently hot to give out bright light. This is so in 
the incandescent lamp used in electric lighting. 

Conservation of Energy. — No form of energy can be 
generated without an equivalent loss in the same, or some 
other, form of energy ; also, if energy disappear in one form it 
will reappear in some other form. This fact is an absolute 
law which may be expressed in the following terms : — The 
total amount of Energy in the universe is a constant 
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quantity which can never he increased or diminished, 
although its form may he changed. 

Examples. — (i.) Mechanical work is clone when two 
magnet-poles of opposite kind arc dragged apart ; they 
may be kept apart for any length of time, but the mutual 
attraction between them is still able to reproduce the 
work done in separating them, so soon as they arc 
allowed to move freely and approach one another. So 
long as they remain apart the energy is potential, and 
due to the relative position apart of the magnets. 

(ii.) A magnet is able to do work in lifting small frag- 
ments of iron, but it only accjuires the capacity for 
doing this when mechanical work has been expended in 
magnetising it. 

(iii. ) Electric currents may be generated by mechanical 
work, by heat, or by chemical action in what is termed 
a Voltaic Bait€}y. When the student has accpiired 
knowledge of these phenomena, it will be clear that a 
current of electricity cannot be generated without the 
expenditure of an et|ui valent amount of energy in the 
form of mechanical work, of heat, or of chemical action ; 
and vice versa^ that the passage of a current of electricity, 
or the disappearance of electrification, is always ac- 
companied by the appearance of its equivalent in 
the form of heat, chemical action, or of mechanical 
work. 

Surfaces of Equal Potential. — When a heavy mass is 
resting on a horizontal table, the force of gra\'ilation and the 
equal and opposite reaction of the table are the only forc-es 
acting on it. If the table is smooth no work is re(|uircd to 
be done in order to move the mass into different positions on 
the surface of the table, since no work is thereby done against, 
or by, the force of gravitation. It may generally bo stated that 
?io work is done on a body v/ien it is n/ 07 'ed in any directi<>n 
at right angles to the force (or resultant fuW) which may 
be acting on it. 

In all positions on the table the mass will have the same 
potential cne7gy j hence the top of the table may be termed a 
Surface of Equal Potential, ".riiis holds good liowever 
large the table may be ; the only necessary condition is that all 
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points of the surface must be at the same height from the 
ground. 

If a second table is supported on the first, and the heavy 
mass is lifted up on to the 
top of the second table, the 
work done on the mass 
will increase the potential 
energy which it already pos- 
sessed when resting on the 
lower table. Thus, if A 
and B (Fig. 37 ) are the two 
tables, and the vertical dis- ^ 
tance between them is h 

cnis., the work done in , 

. . Fig. 37.— The gravitational potential on 

lifting the mass VF through table B is greater than that on table A. 

the height h will equal W/; 

gram-cms., and this quantity is the amount of increase of 
potential energy when the mass is lifted from A to B. 

The surface of the upper table is also a surface of equal 
potential^ but the 7nagnitude of the potential is greater than 




Fig. 3S. — The caith surrounded by surfaces ot equal 
gravitational potential. 

that on the lower surface. A vertical series of these surfaces 
may be considered in exactly the same manner, each surface 
being one of equal potential, but the actual value of the 
potential on each surface being greater than that on the surface 
immediately below it. 

Instead of being limited in area, each surface may be 
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imagined to be invisibly extended in all directions, while each 
remains at a constant height above the earth’s surface. The 
earth would then be surrounded by a series of concentric 
spheres, as shown in Fig. 38 by the dotted lines V.,, and 
V..; the surface of each sphere is a surface of equal potential. 
It is important to notice that at any point these surfaces 
are at right angles to the direction of the force at that point. 

Surfaces of Equal Magnetic Potential. — The force of 
attraction which a magnet-pole exerts on a neighbouring pole 
of opposite kind is exactly analogous to the force of attraction 
which the earth exerts on a neighbouring mass. If the direc- 
tions in which the magnetic forces are acting can be determined, 
it is possible to draw surfaces of equal uiagnetlc potoiHal 
round the magnct-polc. 

In the diagram (Fig. 39) let N represent a single nortli- 
seeking pole of a magnet, and imagine a small north-seeking 
pole placed in a series of positions 
round N represented by the letter 
The force of repulsion will in each case 
act radially outwards, as shown by the 
arrows, and the surfaces of equal poten- 
tial will be circles concentric with N. 
Work is required to be done to bring n 
from a distance to a position near N, 
therefore the potential energy of n is 
reatest when it is as near as possible 
to 3Sr. In other words, tlie space round 
NT is a rea^lon of mae^uetie pofcutial^ 
which gradually diminishes in value as the distance from N 
increases. 

If a small south-seeking pole be substituted for // then the 
direction of the forces is reversed, since attraction takes phu'e 
instead of repulsion. Work must be done to remo\-(‘ the 
south-seeking pole from the region round N ; conseciiiently its 
magnetic potential c?icrgy will be greatest when it is farthest 
away from N. 



Fir,, ^q.— -S iuT:u'(!s of equal 
magnetic ])()ienual round .i 
tiingle nui;.;uel-!)ole. 
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Chief Points of Chapter IV 

Force is that which tends to produce motion. 

The Law of G-ravitation. — Every particle in the universe attracts 
every other particle with a force acting in the direction of the line 
joining the two particles ; the magnitude of this force is proportional 
to the product of the masses of the particles, and inversely propor- 
tional to the square of the distance between them. (Hence the force of 
gravitation obeys the so-called Law of Inverse Squares , ) 

Weight is the force of attraction which the earth exerts on any 
mass. 

Units of Length. — (i.) British. — The imperial yard ( = 3 
feet). 

(ii.) Metric. — The metre (sixxyaid). 

(iii.) In scientific work. — The centimetre 
(=T^ metre). 

(i inch = 2. 54 centimetres.) 

Units of Mass.— (i.) British. — The imperial pound avoirdu- 
pois. 

(ii. ) In scientific work, — The gram ( = the mass 
of I cubic centimetre of water at 4" C.). 

(I gram= 15.43 grains = pound avoirdupois.) 

The Absolute Unit of Force is called the Dyne, and is eqixal to 
about the weight of xtrVv gmm. 

Parallelogram of Forces. — If two forces acting on a point be 
represented in magnitude and direction by the adjacent sides of a 
parallelogram, the resultant of these two forces will he represented in 
magnitude and direction by that diagonal of the parallelogram which 
parses through thi.s point. 

The Moment of a Force round any fixed point is equal to 

The magnitude of^^Tht perpendicular distance of the fixed point 
the force from the line of action of tlic foice. 

A Couple is the term applied to tw'O equal and parallel forces which 
are acting in opposite directions. 

The Moment of a Couple is equal to one of the forces multiplied 
by the perpendicular distance between the two forces. 

The Tangent of an angle is calculated by drawing a line per- 
pendicular to one of the sides of the angle — the former is called the per- 
pendicular and the latter the base. 

^ , , the iicrpendicular 

1 he tangent of the angle = , 

^ the base 

R 
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The tangent of the angle of deflection is pioportional to the 
deflecting force. 

Work = Force overcome x Distance. 

Power = Rate at which woik is done. 

The Energy of a body is \\s capacity for tvo)-k. Tlie energy 

is Kinetic if it is due to atti/ai 7 fiotio/i of the body, but Potential if 
due to tlie position of the body. 

Other Forms of Energy. — llcaf, Mac^nctism, li/cyrf cation, 
Elcifric Currents^ and Chctnual Aitiou. Tliese aie mutually con- 
vertible. 

Conservation of Energy. — Energy is never lo^l, but only changed 
in form. 

A Surface of Equal Potential is one at all points of vhich the 
Potential Energy of a boily will be the same. No wink is done on a 
body in moving it fiom one point to anothei of .such a .surface : hence 
the surface must at any point be at right angles to the icsullant loice 
at that point. 

Surfaces of Equal G-ravitational Potential are imagmaiy sphcies 
envelo])ing the eaith, and concentric with it. 

Surfaces of Equal Magnetic Potential nmnd a single magnetic 
imle are spheres described lound the ]tolc as centre. It the pole is 
noi Ih-Kceking the jiotential giadually diminishes in value as the dis- 
tance increases ; but if the jiole is south -seeking the jiotimti.d giadually 
inci eases with the distance. 


(>irKSTIONS ON (.'irXl'TKR IV 

1. What is meant hy h'oice? What are the icsnlis of the action of 
force ipion a mass? 

2 . Desciibe lully any example of a mass which is at lesl when actial 
ujion by two foicc-s. 

3. Deluie the ///’(i.'.n- and Tc’twpi/t of .1 matciial bod\. 

4. Give the Ihitish units of mass and of length. (d\e al-o the 
units w’hich aie used in scientific woik, and state the mnnrtii'al lelat ion- 
ship between the tw’o si'ts of iinit.s. 

5. State Newton's /.rrm and exjduin ^\hat is meant 

hy ///(’ Lait'of'Jmrrsc Sana res. 

G. State the jirojiositiun known as the 1 ‘arallelogiain oi hoices, and 
explain the terms Rc'niltant and Component AlofCv. 

7. 'fhe ]iole of a bar-magnet is held just ovci a, ] h-ct' ol iron which 
it attracts with a foice eipial to 500 tiynow What is the least possible 
weight of the iron which will jirevent the inm Irom being lilted ? 

8, W'hat do you mean by the moment cp a /ore ' .\ thin niagjiet 

20 cms. long is suspended hori/tmtally by a ilncad, and a inaguetif 
force ecjual to 20 dynes acts upon one of its poles at rig.ht angles to 
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the axis of the swinging magnet ; what is the numerical value of the"* 
moment of the force ? 

9. Explain why a suspended magnetised needle .swings to and fro 
several times before coming to rest when a bar-magnet is brought near 
to it. 

10. Explain, with the aid of a diagram, how the principle of 
Mo}nents determines the position in w’hich a swinging magnet comes to 
rest when acted upon by two independent magnetic forces. 

1 1. Explain cleatly what is meant by the tangent of an angle. ABC 
is a triangle of which the angle ACB is a right angle ; if AC = 40 
millimetres, and BC = 20 millimetres, calculate the numerical values of 
the tangents of the angles ABC and BAG. 

12. Define the terms Work and Power. Calculate the amount of 
work done, expressed in absolute units, when i gram is raised through 
a vertical distance of 10 centimetres. 

13. What is the difleience between Kinetic Energy and Potential 
Energy ? Give a simple example of each. 

14. Name some forms of energy, and give instances of the trans- 
f n-mation of energ}’ from one form to another. 

15. Give instances to .show that heat and chemical action aie forms 
of energy. 

16. Slate the principle of Consovafion of PncJgy. 

17. What is meant by a Surface of Eqttal Potential? How is the 
form of such a .sui face determined ? Give an example of a suiface of 
equal gravitational potential. 

iS. Represent by means of a diagram the form of the surfaces of 
Eipial Magnetic I’otential round a .single south-seeking magnetic pole. 
In what part of the magnetic field will the magnetic potential of 
a single north-.secking pole be greatest? 



CHAPTER V 

MAGNETIC FIELDS 

Apparatus rcqm't'cd. — Bar-magnet. Compass-needle. IMag- 
nctometer. Long knitting-needle (40-50 cms. long). 
Metre scale. Drawing-board and sheet of paper. 

A Field of Magnetic Force. — When a suspended 
magnetised needle is allowed to swing to and fro round its 
point of suspension, the manner in which it swings suggests 
that there arc invisible forces acting on the needle which are 
similar in their action to a mechanical Couple (p. 38). Even 
when all artificial magnets and magnetic substances have been 
removed to a distance the needle swings in the same manner. 
Whenever these invisible magnetic forces appear to be 
influencing' a suspended magnetised needle, it is said to be i,n 
a field of inagnctic force. By observing the effects of such 
forces the presence of these forces is detected, and, in addition 
to this, their direction also is determined by observing the 
direction in ^\'hich the needle i3oints when it comes to rest. 

Since tlic needle behaves in this manner <‘\en wlum no 
other magnet is near to it, the only possil)le conclusion is that 
the earth itself uiitst have a uiagnetie field of its ovu ; and if 
so, this must be due to a region of south-seeking magnetism 
situated in the direction of the north pole of the eartii, and of 
north-seeking' magnetism in the direction of the south pole. 
(Sec chapter on Earth’s Magnetic Field ) 

If a bar-magnet is held near to the swinging needle, a 
mag 7 ietic disturihuice ensues which causes the nectlle to swing 
to and fro in the same characteristic manner, ])erhaps more 
rapidly, perhaps more .slowly ; and, in nearly every possible 
position of the magnet relatively to the needle, the needle 
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acquires a different position of rest. Evidently the bar-magnef 
has a field of magnetic force of its own, the effects of which 
have been superposed upon those due to the earth’s field. The 
needle will come to rest in a position indicating the direction 
of the resultant 7nag7ietic force which is due partly to the bar- 
magnet and partly to the earth. 

Again, it will have been observed that the needle swings 
sometimes rapidly, sometimes slowly. If it swings more rapidly, 
then the magnetic forces acting on it must be stronger j if it 
swings more slowly, the magnetic forces must be weaker}- In 
fact, by observing the rate of vibration, it is possible to com- 
pare the strengths of the magnetic forces at two different , 
points. 

Dr. Gilbert observed these effects, and described a lodestone 
or magnet as being surrounded by an “orb of virtue.” About 
the middle of the present century Faraday substituted the term 
“magnetic field.” 

Expt. 36 . — Place a bar-magnet on the table, and bring 
near to it a compass-needle, or a small magmetised 
needle suspended by a fibre. Move the needle into 
various positions relatively to the magnet, and observe 
the direction in which it points in each position. 
Observe also that when near to a pole of the magnet it 
swings rapidly, but when removed to a distance it swings 
slowly. 

The Law of Inverse Squares. — The strength of the 
magnetic force which a bar-magnet exerts upon a compass- 
needle evidently depends upon their distance apart. This 
suggests a resemblance to the law of inverse squares which 
holds good with regard to gravitational foi'ccs : do magnetic 
forces obey the same law ? Before proceeding to an experi- 
ment, it is necessary to consider the conditions under which it 
can be satisfactorily conducted. In the previous chapter it was 
proved that the timgenf of the angle of deflection is propo7iio7nil 
to the deflecting force ; one of the forces remained constant 
throughout Experiment 35 , while the other force acted in a dii-ec- 
tion at right angles to the first, and was vaiied in magnitude. 
The same conditions may be obtained in an experiment with 
magnetic forces by using the earth’s magnetic force as the 
^ Compare Fig. 30. 
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constant force, and creating the variable force by means of a 
magnet placed at different distances from the compass-needle 
on which these forces may be made to act. If a bar-may net 
is to be used, it is essential to remember that its poles will 
produce opposite effects, and the experiment only rccpiires one 
dcjlco ting force j hence steps must be taken to eliminate the 
effect of one pole of such a bar-maynet. All may nets ha\'c two 
poles, and there is no means of separating them bodily, so that 
the only possible course is to minimise the effect of one of 
them. Anticipating the result that the more distant the pole 
the less is its detlectiny force, it is evidently necessary tt) use a 
very long magnet, so that one of the jKiles is too distant to 
exert an appreciable disturbing effect. The aiiparatus with 
which this experiment may be carried out is termed a Ma^fieto- 
mefer. 

The Mag'netometer — E xpt. 37. — J-'ix a yraduatml circle 
(10 cms. diameter; divided Into degrees, or, better stili. 



into divisions giving readings proportional to the tangent 
of angles of dellection) to a jiieec of stout inillboanl. 
I’ass a short piece of sewing' neeille \ ertii all}' thi ough 
the centre of the scale. Fi.K the cin Ic to the base-board 
of the magnelometei', and so that the /tu 1 >-poinls of the 
scale coincide with the centre of the boaid. Cut llie 
lirst 6 cms. from a wooden ct'iitiinetre-si'ale, and fasten 
this tdong' the middle of the base-board so ;is to measurt' 
exact distances from the centre of the circle. Fig. 40 
rcin'esents a convenient form of magnetometer neetihg 
w'hich may be prepared from a short piece of glass 
tubing and two pieces (2 cms. long) of clock-spring, tiie 
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similar poles being bound together with copper wire. 
The pointer is made of thin aluminium foil, the strip 
on each side of the centre being bent into a vertical 
plane. A glass crystallising dish (11.5 cms. diameter, 
6. 5 cms. deep) serves as a suitable cover for the needle ; 
or, instead of the dish, a shallow ring of cardboard may 
be used, on the top of which is laid a sheet of glass 
cut roughly to shape. The longer the deflecting niagmet 
the more successful is the experiment (a magnetised 
knitting-needle about 45 cms. long is suitable). Adjust 
the magnetometer so that the wooden scale is perpendicu- 
lar to the meridian, and lay the magnet along the scale 
with its near pole 1 5 cms. from the needle. Read the 
deflection of both ends of the pointer, and calculate 
the mean deflection. Repeat the observation with the 
magnet at various distances from the needle. Tabulate 
the results in the following manner : — 


Distance. 

Deflection (&). 

Tan 6. 

(Distance^. 

Tan 6 X (distance)^ 

13 

41° 

0*87 

169 

147 , 

IS 

33°-5 

0‘665 

225 

149 1 

. 20 

. 20°-6 

0*3775 

400 

151 1 

^5 

! I 3°‘6 I 

0-2425 

625 

I5I i 

30 

i 7 ; 

0-17 I 

900 

153 

35 

7^-3 

0-1275 

1225 

153 

40 

1 5“-(3 

0-097 

1600 

155 

45 

' 4”'3 

0-075 

2025 

152 : 


I'lic experiment proves that magnetic forces do obey the 
Law of Inverse Squares ; in other words, the force which a 
inai^fici-pole cse^'ts o/i a disttmt jncr^nct 'inirics inversely as the 
square of the distance. 

Note . — 'Phe use of a hmg magnet in this manner only 
diminishes the obvious source of error, and another 
method is frequently recommended which meets the 
difficulty ; it is based upon the fact that if a magnet-pole 
is vertically over the centre of the compass-needle, it will 
exert no deflecting force. To ensure accurate verticality 
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requires carefully constructed apparatus. In order that 
the pole situated in the vertical plane may always be at a 
considerable distance from the compass-needle, the magnet 
should be at least 90 cms. long ; if this pole is brought 
approximately near to the needle, the slightest error in 
verticality will produce a dcdection of the needle which 
will ruin the experimental results. 

The Poles of a Magnet. — In the experiment described 
in the previous section it was assumed that the magnetic forces 
originated from the extreme ends of the magnet. This 
assumption was sufficiently correct, owing to the fact that the 



Fig. 41. — The points P and P' are the poles of the magne!. XS. 

magnet was extremely long as comparcti with its width. If 
such a mag'net be dipped into iron filings, the filings only 
adhere to the ends in a small compact bunch. 

In the case of a comii)aratively short thick magnt't, filings 
will adhere chiefly to the ends, but some adhere e\en at a con- 
siderable distance from the ends. 'fhe pole of the nuignet 
would therefore appear not to be a wcll-tlelined point, but a 
superficial area of considerable extent, each portion of whii h 
exerts magnetic force on a neighbouring inagmh. 'i'hc polarity 
seems to be more pronounced at the ends, and to dimiiU''Ii 
gradually towards the middle of the magnet. 

In Fig. 41 let NTS represent a bar-magnet which is sus- 
pended in a uniform magnetic field (p. 63). In such a field 
the forces acting' on the several small portions of the magnet 
which exhibit free polarity may be regarded as pandlel to each 
other. Just as in mechanics a .systetn of parallel forces may be 
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replaced by a single force acting at a definite point, so in this 
case the system of parallel magnetic forces acting on the N- 
seeking pole may be replaced by a single force PR acting at a 
point P. Similarly, the, forces acting on the S-seeking pole 
may be replaced by a single force P'R' acting at a point Ph 
The points P and P' are termed the poles of the magnet ; and 
they may be defined as the points of -application of the resultant 
magnetic forces acting on a magnet •when sicspe?ided in a u 7 tiforin 
magnetic field. 

A small compass-needle placed near to a magnet always 
comes to rest pointing in the direction of the resultant magnetic 
force which is acting upon it. The position of the pole of a 
bar-magnet may therefore be determined by observing the 
direction of a compass-needle placed near to it. 



n, 


Fig. 42 — Kxpeiimental method of localising the pole of a magnet. 

Expt. 38. — Lay a bar-magnet on a sheet of white paper 
stretched on a drawing-board, and mark its position by 
passing the point of a pencil round its edges (Fig. 42). 
Place a compass-needle at and put pencil marks in 
line with its poles to indicate on the paper the direction in 
which it is pointing ; repeat at and n.^s.,. Remove the 
magnet, and produce by means of a straight-edge the three 
diiections obtained. The point of intersection of these 
lines indicates the position of the pole of the magnet. 

It will be observed that the action of the other pole of the 
magnet has not been taken into account ; this action will 
modify the direction of the compass-needle in all positions 
except but its effect is minimised by placing the compass- 
needle at a considerable distance from S, in positions such as 
are shown in the diagram. To pi-event any deflection of the 
compass-needle due to the earth’s magnetic field, it is advis- 
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able to move the board round so that in each obsciacilion the 
needle is pointing directly towards the north ; if tins precaution 
is not taken the needle will point in the direction (h" the 
resultant force due to the combined action (.>f the forces exerted 
by the earth’s field and the magnet’s field. 

In short thick magnets (about lo cms. long) the poles are 
situated about i cm. from each end. If the magnet is long-, 
and only J or 2 millimetres wide, the poles approximately 
coincide with the ends. 

Mag'netic Forces due to both Poles of a Magrnet, 

— So far, the theory of the magnetic field of a bar-magnet h.as 



. hi< .il ikciIkmI of (1< t< iiiiitiitie lli< 

li.u 

only beem aj)]fiied to the action of one pole of tin' magttet. 
'"rhe next step is to consider the foices due to ooth pok's. 
Imagine, for simplicity, that a single not th-seeking pole is 
situated at n near to a bar-magnet NS ( i''ig. 43); it will be 
repelled by N in the direction ///, and atti acted by S in the 
direction Jiq. Since these forces are inveiseiy prnpertional In 
the square of the tlislanee, n/> will bt* gri'uter tlian wy, and in 
the ratio of (//S')" to (//.'V)*-. The lesultant t»f these two fines 
is ///', and it is in the direction of this firce that n will tend lo 
move. The same method will di'lerminc the tlirectimi of the 
resultant force at other point.s, inarketl //', in the magnetie 
field. 
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It is an instructive exercise for the student to draw this 
diagram to scale on a sheet of paper, representing the 
magnet to be about 1 5 cms. long. The resultant forces 



Fig. 44. — Experimental method of determining the relative directions of the 
forces due to a bar-magnet. 

obtained will indicate not only their 7 ’elatn'e dhretions, 
but the lengths of the lines will indicate their relative 
jjiagnlfudes also. 

If n is replaced by a soufh-sceking pole of equal strength to 
7/, the forces due to NS 
will be equal in magnitude 
to those acting on 77, but 
they will be ofposiic hi 
direct Consequently, 

if a T'c/T short compass- 
needle is placed at the 
})omt 11, It will not tend 
to tra\'cl l)odily in an}^ 
direction, since the forces 
aching upon it arc equal 
and ojjposite, but it will 
siniph’ come to rest 
.pointing in the direction j/r ; at // it will point in the 
direc'tion of the resultant force at that point. 

'fhe earth’s magnetic field will modify the direction of the 
needle to a greater or less extent. In the near neighbourhood 



Fig. 45. — To illubtratc Expl. 39. 
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of the magnet the force due to the earth’s held will be small in 
comparison to that due to the magnet, but at greater distances 
it will have more influence since the force due to the magnet 
will be considerably less than at points nearer to it. 

Expt, 39. — Lay a bar-magnet on the table, place a compass- 
needle in a series of positions near to the magnet, and 
observe the directions in which it points. In Figs. 44 
and 45 several compass-needles arc used simultaneously, 
whereby the directions are more clearly compared. 

ClIlKK J’OINTS or ClIAlTKR V 

A Field of Magnetic Force is any region in which inagneiic 
force can be detected. 

If a compass-needle tends to come to rest pointing in one definite 
direction, there mu.st be a magnetic force cau.sing if to ilo so. llcnce a 
compass-needle serves as a means of investigating whether mugnelic 
force is present or absent. 

The Earth itself has a magnetic field of its own ; .so also lias oviay 
artificial magnet. 

The Direction of the Magnetic Force at any point is indit'afed 
by the direction in which a coni})a.ss-needle comes to lest. If the 
needle is acted upon by force in more than one direction, then its final 
position of rest indicates the direction of the Resultant Magnetic 
Force. 

The Strength of the Magnetic Force. ---I'lu* latc at which a 
compass-needle vibrates to and fio when iiliccil in a m.uuielic lichl 
depends u]>on the magnitude of the foice acting on th< ‘die In . 
stronger field the needle vibrates more rapidly. 

The Law of Inverse Squares. — TIu' i'onc ivkith 
exerts on a Uistant maguct-/o/e 7Htrh's in^'ersely as the .uenare c/‘ ehe 
dista7iet\ 

The Pole of a Magnet.— -The Jiait of .1 magnet to which iron 
filing.s will cling is not a w'cll-defmed point, hut rather an .inm of ron- 
siderable extent, each portion of wdiiidi exerts magnetic ibire on a 
neighbouring magnet. The Poles may he aecurutely defined U', the 
poi?its of application of the resultant forces if attraitiou and repulsion 
7vhieh the may net exerts on any may net plated near to it. 

The Magnetic Field round a bar-magnet is the Resultant of the two 
separate fields of magnetic force due to the two poles of the magnet. 

QrrK.sTioNH on Citai'TKR 

I. Explain, with the aid of a diagram, the behaviour of a C(.>mpa,s,s- 
needle when acted upon by magnetic forces in the form of a touple. 
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2. What is meant by a Field of Magnetic Force ? Flow can it be 
detected ? 

3. To what extent does a compass-needle give us information as to 
(^z) the direction, (/z) the magnitude of the forces in a magnetic field ? 

4. How would you experimentally prove that the direction and 
magnitude of the forces in the magnetic field of a bar-magnet are not 
the same at all points? 

5. State the Law of Inverse Squares as applied to magnetic 
forces. 

6. Describe a simple experiment which you would carry out in order 
to prove the law of inverse squares. 

7. A compass-needle is supported on a cork floating on water, and 
a bar-magnet is held with its axis in line with that of the compass- 
needle. Explain why the compass-needle is bodily drawn towards the 
pole of the bar- magnet. 

8. Explain why the result of the expeidment described in Question 
7 is more marked when a long bar-magnet is used instead of a short 
one (assuming that the magnetic strength of the long and short magnets 
is the same). 

9. Define accurately what is meant by the Pole of a Magnet. 
Describe a simple method of locating the poles of a magnet, mentioning 
any special precaution which it is advisable to take. 

10. Explain how it is possible to calculate, with the aid of a 
diagram, the direction of the magnetic force in the field of a bar-magnet. 
How would you experimentally verify the calculated results ? 

11. A magnetised steel rod is placed at a considerable distance from 
a compass and produces a certain deviation of the needle. The rod is 
then broken in tw'o, and one of the halves is placed in the same position 
as liefore. Will the deviation of the compass be less or greater than 
before ? Give reasons for your answer. 



CHAPTER VI 

ISrAPS OF AtACNKTrC FTKr.DS 

Appm'afifs 7'eqm'?rd, — Im])orl.'i] ciiau'inj;‘-boan]. and sheds of 
paper. Coin])a.ss-m'cdl(,'. Par-ina.enc-ts ami ]iors(*-shne 
mai^nct. .Sheets of })ararfin<.‘d p.iper. I hinseu-hurner. 
Sc\\ ini4-ncH'cllc‘S. Silk iihre. C'<>inj)a‘>.s-nee(.ll<; with hiasn 
pointer ])crpcndiou]ar to the axis of tK'edle. 

In orcU'r to invest j.nat(‘ llu' ciiaiaciei of any niai^netii- lidd, 
It is nccessa r}' to di'teiininc two fu'tois at all parts of tin.' lleltl 
(i.) file of f/io mas^nofio and (^ii ) dto s/rr/n;/// o/ 

Ah' Jon t\ 'I'hc })rcsc“nt seetitin is dexoH'd to the im'thods of 
dcl.ennininj4‘ the of the fons's. Any diaLi rain wliiih 
reprexsents thescyi^/'i'e-d/V’e. hlo/is is termed a j/h>/> e/'Ah’ 

incliuU'd within the aixei of the tiiaj^iam. An aiiutate 
metlaal of obtainin.^ siu'h maps is based upon (he hit t that a 
eoiniiass-needle, wIu'U swini^ini.; freely in a hoii/ontal plant', 
will jioint in the direetion in width tlu' maj4netie ftutes an' 
actini;. 

Ma,p of the Earth’s Majmetic: Field, h'.xpr. .p).- 
l''ast('n a st[uare sheet of white papei (do ems. x tit) t tins. ’ 
on a table, with one t'di^e pointinit approMUsately mnih 
and south. Mark off one of tlu* etli.;es pointing t'ast an<l 
west into s])aee.s about 5 ems. widt*. I ‘lace a .sen'^itix t' 
eompass-net.‘dU; so that tine of its [loh's is just over otie 
tif the marks, ami imlinatti by means of a ptnu il maik thv 
direi'tion in which the otht'r poU' is pointing. Move thi' 
ntH'dle until its first pole is exactly o\'cr the set ond 
pencil mark ; I'ontinue this jnocess of markiup the tiirei - 
rions of th(' eom[).ass-n('t‘ille until a st'rii's of mark'< ha\ t' 
been obttiined comiilctcly across the [itpiei. Join up 
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these points by a continuous pencil line. Plot out other 
lines in a similar manner, in each case starting' from one 
of the equidistant pencil marks at the edge of the paper. 
Indicate by means of arrow-heads the direction in -which 
the north-seeking pole of the compass-needle te 7 ids to 
move ; this is called iJie positiTje dircciioji of iJic 7nag7ietic 
field. 

The diagram obtained is a ho 7 -izo 77 tal map of the earth’s 
magnetic field, so far as the limits of the paper will allow. 
Faraday, in 1837, termed the lines so obtained lines of magnetic 
fonce.^ i.e. lines which indicate the direction in which the 
magnetic forces are acting. 

This map indicates that the lines of magnetic force clue to 
the earth arc uniformly parallel straight lines. The same 
result would be obtained if the experiment were conducted in 
any other part of the room. Hence it may be stated that the 
earth’s magnetic field is uniform over an area much larger 
than is recjuired for the carrying out of ordinary experiments 
in magnetism. 

Care must be taken that there are no iron pipes or rods 
just under the table, which might affect the direction of the 
compass-needle. 

_Maps of the combined Magnetic Fields due to a 
Bar-Magnet and the Earth 

In a previous section (p. 60) a method was described by 
which it is ])ossil)lc to calculate the direction of the magmctic 
force duo to a bar-magnet alone. In actual experiments the 
map really obtained is one which represents the combined 
magnetic forces of the magnet and of the earth. In regions 
near to the magnet the forces due to the earth arc almost 
negligible as compared with those due to the magnet ; thus, 
if nr (f'ig. 46, i.) represents the resultant force due to the Iw'O 
poles of the magnet acting on a single north-seeking pole at /?, 
an<l 71 li rejU'csents the force due to the earth, then 7 iR will 
rcjjresent the final resultant force, and thei'cforc the direction 
in which a ( ompass-ne<‘dlc will point. The angular cf/kAv'/Ze;! 
from /ir to 71 R is coinparatix ely small. .At greater distances 
from tlu' magnet 'AV' Ix'comcs less (Fig. 46, ii.), while ?//f luas 
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the same magnitude as before. The direction of ?/R indicates 
that the distortion due to the earth is more pronounced. At 
still greater distances 7 ir becomes almost ncgligilDlc, and the 
compass-needle obeys the force due to the earth alone. 

Expt. 41. — Fasten a sheet of paper on the table m the 
same manner as in Expt. 40. I^etcrmine accurately 



the north and south line by the compass-needle, ami 
place h bar-iiiagnct at the centre of the paper witli its 
a.xis ijointing north and south. .Starting from a s('i-ie.s 
of ecpiidistant points marked along the; lo[) etlpe, map 
t)ut the lines of force in the .same way as before. 

(i.) the north- pole of the 0,7/0/ f>olniine, 

io^ivtinh the south (Fig. 47).-— Observe that the lines of 
fe)rcc near to the magnet appear to emeiga‘ from the north- 
seeking pole, trai'ing' out a ('urved path and rt'-enteiing 
the magnet at its south-seeking jiole. At greater dis- 
tance's the lines of force apjiear to hc' those dut' to tin; 
earth, which ha\'e been distortt'd by tlu' jiresenoe of 
the niagnet. Also oljserve that thc-re arc* two regions 
{fjKir/ccd X) in which the magnet’s c'ffect is c'xaetly 
neutralised by that of the etirth, ami in wlfu'h the lu'edle 
will consequently come to rest in any position with 
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equal readiness ; these regions are termed neutral 
points. 

(ii.) With the south-seeking pole of the magnet pointing 
towards the sottih (Fig. 48). — Observe how the lines of 
force due to the earth appear to be drawn together by the 



Fig 47.— Maja of the combined field due to the earth and a bar-magnet 
(N iwle pointing south). 


magnet, and how the more distant lines are distorted. 
The neutral points are now east and west of the magnet, 
(iii.) ]\''ith the axis of the magnet lying east atid west 
(Fig. 49). — Again the earth’s lines of force appear to be 
drawn together by the magnet. If the lines are followed 
in the positive direction, they appear to proceed from 
the south towards the south-seeking pole of the magnet, 
to emerge at the north-seeking pole, thence spreading 
outwards towards the north. 
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(iv\) Field due to a bar-v2ag?ict alone. — In 

order to eliminate the magnetic forces due to the earth, 
it is necessary to move the drawing-board on wliich the 
experiment is conducted before each obscr\'ation of the 
compass -needle’s direction, so that it always points 
exactly north and south. The earth’s magnetic forces 



Fig. 4S.— Map of the comhined duo to the oatth and a liar-iiia;.pi( t 
(.N pule poiuiiii.t; uortli). 

will, in such a rase, have no tendency to tlellert tlK‘ 
needle from the position which it will orrujiy in obeditmre 
to the forces due to the bar-magnet alone ; referring to 
Fig. 46, it will be clear that, when the expta-iimmt is 
conducted in this manner, the directions of nr and nF 
will always coincide, and consequently the resultant 
force uR will also be in the same direction. 
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Characteristics of the Lines of Force. — From the ^ 
maps so obtained, it is evident that the lines of force never 
cross each other, nor do they actually unite. Each line of 
force appears to have a perfectly independent course of its 
own. It is also evident that the lines always proceed in the 



t IG. ijg. — Map of the combined field due to the eaith and a bar-magnet 
(pointing eabt and west). 

positive direction from ret' ions of north-seeking polarity to a 
region of south-seeking polarity, and in no case do they directly 
connect regions of similar polarity. In these maps the lines 
originate from a regdon of north-seeking polarity, which we 
already know to exist towards the south geographical pole ; 
under ordinary conditions they proceed directly to a region of 
south-seeking polarity situated near to the north geographical 
pole. J)Ut if ihe south-seeking pole of a magnet intervene, the 
lines proceeding near to the magnet arc drawn towards it, and 
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emerge again to connect the north-seeking pole with the earth’s 
south-seeking polarity towards the north. 

Where the lines of force due to a magnet and the lines clue 
to the earth are on the same errand both proceeding to- 
wards a region of south-seeking polarity), they appear to repel 
one another, but if on different errands they unite together 
frcely. This is very clearly seen in the maps of the magnetic 
field due to two magnets placed close together, reproduced at 
the end of the chapter. If the poles which are close together 
are of opposite polarity, the lines of force trace! directly across 
the intervening space, and it is known from the preliminary 
experiments that the magnetic forces tend to bring the poles 
together. The e.xamiiiation of any arrangement of magnets 
will show that the forces acting- along the lines arc such as 
will lend to shorten the distance between the ends of the lines. 
A very instructive analogy, clue to Faracla}’, compares the pro- 
perties of tlic magnetic lines to the forces which would be 
exerted by stretched clastic threads, coinciding in direction 
with the lines of force, \vhich tend to shorten theinsel\-es from 
end to end ; but as these would not present the bulged appear- 
rance shown in Fig. 47, he assumed that the lines of force also 
have the property of repelling each other sideways. 

The cpicstion as to what may be the mutuid action between 
neighbouring lines of force which tra^T‘l in opposite directions 
is difficult to demonstrate ; but if the hy]>olhesis that such 
lines mutually atfraui is found to afford an explanation of 
ol^served i)henomena it may be accepted as true, so far as a 
working hypothesis allows. 

Let NS (Fig. 49 a, i.) represent a bar of iron placed 
horizontally in a uniform magnetic tickl, in which AB, CD 
represent two lines of force. Let the bar be feebly magnetised, 
and let MP and QR be two lines of force associated with it. 
Since these, in the regions B and F, are piocec'ding in opposite 
directions to AB and CD, the latter are bent inwards. If the 
polarity of NS is now increased (Fig. 49A, ii.) tlu‘ lines MP 
and QR will bulge out more than before, owing to newv lines 
being formed in the space round the magm't, and the lines 
will actually touch at E and P. The tendency of lines of force 
to shorten makc.s this distribution unstable : the lines AB and 
MP break at E, the portums MB and EB joining together 
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to form the continuous line MB (Fig. 49A, iii.) ; and the 
portions PE and EA combine to form the line PA. Corre- 
sponding changes take place on the other side of the magnet. 
The final distribution closely resembles that obtained in 
Fig. 48. 

It is generally accepted that the positive direction q/' a 
line of force is iJtai direction in which a sing^le jio?'ih-seeki-ng‘ 
foie will tend io traijcl if f laced at any foint on that line of 
force. The opposite direction is termed the negative direc- 
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Fic;. 40A. — Resultant lines of force, clue to the enrth find to n. tangent. 


lion of the line of force. T-Icnee, a map of the magnetic field 
of a magnet will indicate the lines of force as emerj^in^' from 
the noiih-seeking pole and 7 'e-cnicring at the south-seeking polo. 

It can be shown by experiment that a north-seeking' pole 
actually docs tend to liavcl along a line of force in the positive 
direction. 

Exi’T. 42. — Support a bar-magnet, 20 cms. long, near and 
parallel to the edge of a large photographic dish filled 
with water. IMagmetise a short fragment of sewing- 
nccdlc, and fix it through a small piece of cork so that 
the needle can fioat freely in a vertical position. Let 
the north-seeking pole of the needle be uppemiost. If 
floated near to the north-seeking pole of the magnet 
the repulsion of the similar pole of the needle will be 
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Stronger than the attraction of the opposite pole of the 
needle, since the latter is more distant. The needle 
will slowly ti-avel over the surface of the water, tracing 
out a curved path connecting the north- and south-scelc- 
ing poles of the magnet. 

Iron-filing Maps of Magnetic Fields. — The compass- 
needle method, already described, has the ad \ an tag e of 

accuracy, and it is also 
capable of affording' in- 
formation in ]3arts of a 
magnetic field which 
would he too weak to 
be mapped out by the 
methods iKHv to be de- 
scribed. Tlie latter will 
give accurate maps of tlie 
field near to a naagnet, 
but will md do so for the 
more distant parts wliere 
the earth’s magnetic field is ])rcdominant. 'I’lie compass-needle 
method, however, cannot well be adojited in tlu' locture-rooni 
owing to the time required to obtain even one complete map. 

The more vapid methods depend upon the ])rinciple of 
magnetic induction whereby a piece of soft iron, wIumi jilaced 
in a magnetic field, becomes magnetised 1)\' induct ioih 
Soft iron filings may be used for the purpo.^c ; each fiagment 
will become a temporary magnet, and, if free to mme, vill 
behave in the same manner as a compass-needle. 'The effect 
is appro-ximatcly the same as would lie obtained if an exticmely 
large number of compass-ncedics had been uscal, and, inortsiver, 
the general contour of the whole field is visible sinuiltaneously. 

Figs, 50-58 have been mostly rejiroduced from jaaimment 
maps obtained by using ■Jraraffhivd-/>afh'r .'" A pita e 
of the paper is laid over the magnet, or magnets, and 
is supported horhontally on pieces of wood of tlie same 
depth as the magnet, and placed on t'itlier side. Iron 
filings contained in a muslin bag (or ti fxcpper-hox) are 
uniformly sprinkled over the ptiper, which is tlum tappeil 

^ ParaftiiK.'cl-papcr is jircpared by passing ]arg<; .slu'cts of thin paper 
through melted paraffin-wax contained in a shallow tin. 
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gently with a pencil or a copper wire so as to give the 
necessary freedom of movement to the filings. The 
filings are fixed in position by passing a Bunsen flame 
over the surface until the wax has melted slightly ; when 
cold, the filings are firmly fixed to the paper.^ 

Expt, 43, — Obtain maps of the magnetic fields due to the 
following arrangements of magnets ; — 

(i.) One bar-niai^net (Fig. 50). 

(ii.) 7\vo bar-/j/(r^/iefs side by side, iviih unlike poles foq;cflicr 

(Fig. 5 0- 

^ A inoro suitable nietliod of demonstrating fields of force to large 
classes is jio.ssiblc if a lantern with horizontal projection appliance is avail- 
able. '['he inngnets are made from .short pieces of narrow clock-spring, 
about 2 cins. long, and are fixed with wax to the under side of plain, 
lantern-blidc gLisses. 
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Fjo. 54. 

(iii.) T<iC><y ha7‘-}na^m'ts side bv tviih Ulr poles ioe;ethcr 
(Fig. 53). ' ' 

(iv.) Two b<rr-oi(z/^m'is, with their axes in lizu\ and unlike 
foies together (Fig. 53). 
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V.) Two bar- 7 nar}iefs, with their axes iji line, and like 


j)oh's toilet her (Fig". 54). 

(vi.) One horse - shoe 

magnet ^ without keeper (Fig. 

55) 

(vii.) One eylindrieal bar- 
may net ^ fixed in a vertical 
positioj/^ and the paper sup- 
ported horksontidly over the 
upper pole 56). 

(viii.) Two ba 7 '~ magnets 
at right angles to each other^ 
the axis of one fiassing 
t/u'ough the middle point 
of the other (Fig. 57). 
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The Cause of the vacant Spaces in Pigs. 52, 55, and 
56. — In some cases these maps indicate small areas which are 
C[uite free from iron filings, and the student is apt to think that this 
is due to the absence of magnetic force, and that the space is 
similar to the neutral points determined by the compass-nccdle 
method, 71ie freedom from filings is due to the magnetic 
forces being so great that the filings are drawn bodily towards 
the poles of the magnet, where they accumulate in considerable 



([uantity ; hence a clear space indicates maximum, ratlu'r than 
minimum, magnetic force. Regions of minimum magnetic force 
arc indicated by the filings lying unifoimly oxer the pajicr and 
in a higgledy-piggledy manner. 

Symmetry of the Magnetic Field due to a single 
Bar-Magnet. — In Fig. 50 it will be seen that lines of force 
emerge from and re-enter the magnet at all i)oints (xviih the 
exception of a small ])ortion near to the centre), and the dis- 
tribution of the lines is densest in parts near to the extreme 
ends. The map docs not indicate those lines of force which 
pass vertically through the paper, nor those which pass 
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vertically downwards through the table; in fact, the map is 
really a horizontal cross-section through the magnetic field. 
If it were possible to obtain a vertical map by the same 
methods, it would be found that the arrangement of the lines 
of force is identical with that obtained in the horizontal maps. 
If the magnet is turned over on to its side the lines of force 
which were originally in a vertical plane will now be horizontal, 
and a map of the field of the magnet in this position will show 
that their contour and general distribution is identical with 
that obtained when the magnet was in its original position. 
The lines of force in a vertical plane can readily be detected 
by means of a short magnetised needle supported from its 
centre by a silk fibre. 

Expt. 44. — Attach a silk fibre to a small sewing-needle 
and adjust the fibre so that the needle is exactly hori- 
zontal when swinging 
freely. Magnetise 
the needle by placing 
it inside a spiral of 
wire through which 
an electric current is 
passing. Clamp a 
large bar-magnet in J 
a horizontal position ^ J l 

and support the ^ 1 | 

needle vertically over 

Fig. 5S. — The vertical field of a bar-magnet 
mapped out by means of a suspended mag- 
in a senes of different netised needle. 

positions (Fig. 58). 

It will be evident that the general contour of the vertical 
magnetic field is the same as the horizontal. 

In fact, the distribiiiiofi of the lines of force is the same i?i 
all fj/anes besides the horinonial a 7 id vertical. A bar-magnet 
may be imagined to be completely clothed on all sides in an 
invisible garment of lines of force. 

Besultant Mag’netic Fields. — The symmetrical dis- 
tribution of lines of force is disturbed when another magnet 
(or any magnetic substance) is placed within the field, 
and the nature of the disturbance can be judged with fair 
accuracy by remembering the chief characteristics of the lines 
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of force. For example, in Fi)^c 5 1 many of the lines of 
force emerging’ from N fa/ct' the sho 7 ‘ter j>ath to the south- 
seeking’ pole of the neighbouring- magnet ; the lines of force on 
the distant side of NT become less evident, and the magnetic 
forces on tliat side are considerably diminished. I'he space 
between the two magnets is crowded witli lines of force which, 
in the!?' tendency to shorten^ will draw the magnets together if 
these arc free to move. 

45. — Magnetise two sewing-needles and lay them on 
a smooth table in the same relative positions as sliown 
in map ii, (Fig. 51). The needles immediately roll 
towards each other, and remain in contact. d'hc 
same effect may be obtained with two cylindrical 
magnets. 

In Fig. 52 the magnetic field between the magnets is 
weakened, while it is strengthened on the distant sitle. The 
lines of force emerging from NT and N a])])ear to rejiel c-ach 
other, and this rc]ailsion actually docs take place. 

Kxt’T. 46. — -I'lace the two needles used in the pnnioiis t‘\- 
periment on the table, with like poles together ; olistu've 
the separation which takes ]dacc as .soon as the net'dles 
arc free to move. 

On examining' any of the maps the student will clearly sea* 
that the physical attriliutes which ILirailay has given to the 
lines of force <afford a correct explanation of the experimental 
results which would be obtained in each case. 

The character of the disturbance m a m.igiuCic lield, 
as determined by considering the lines of foK-e, may be 
verified by applying the law of inverse sipiares the 
method whicli was ado]>ted on p. 60 and determining at 
variou.s points what change, if any, in the magnitiuh' of the 
forces acting on a single magnet“])ok; will result fnmi the 
disturbance. 

'hhe disti( 7 -hance is, in reality, due to the fact that tluu-e 
are two independent fields of magnetic force which over- 
lap one anotlier ; and the map which is obtained by (*xperi- 
incnt is the single resu//a 7 !t field due to the fields whicli 
overlu]). 

A careful consideration of the distribution (T the lines of 
force in any arrangement of magnets will always allbrd a 
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correct conclusion as to the actual result which would be 
obtained in an experiment. It is always advisable to make a 
careful diagram, sketching in a few of the more important lines 
of force, before forming an opinion as to the possible experi- 
mental results. 

Surfaces of equal Magnetic Potential. — These sur- 
faces have already been 
referred to in Chapter 
IV. The student will 
remember that work 
must be done on^ or 
by^ a magnet-pole if it 
passes from any equi- 
potential surface to a 
neighbouring one ; also 
no work is done when 
a magnet-pole is moved 
along an equipotential 
surface. 

A map of these sur- 
faces may be obtained 
in the same manner as 
described on p. 64, by 
using a compass-needle 
which has a short brass 
cross-bar fixed at right 
angles to its axis, and 
mapping out the direc- 
tions of the cross-bar 
instead of that of the 
needle.^ 

Expt. 47. — Place 
two bar-magnets 
on a sheet of paper wdth their axes in line, and with 
unlike poles about 10 cms. apart (as shown in Fig. 59). 
Map out about seven or eight Hues of Jorce by means of 
the needle, and the same number of siofaccs of equal 
fotoiiial by means of the cross-bar. The former are 

' A c'(impass-ncedlc‘ nf this pattern may be obtained from Messrs. 
Philip Han is X C'o. , Ihnnmgham. 



,9. — The thick lines indicate surfaces of equal 
magnetic potential. 
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represented in the figure by dotted lines, and the latter 
by continuous lines. 

The Avork required to move a single nortli-secking iiolc from 
^1 same as that required to move it from r., to //., ; or, 

Force x Distance cq/q = Force., x Distance 
Since is greater than r.,A„ ForcCj must be Z’sa' than 
Force.,. 'I’liis would be anticipated by remembering that the 
magnetic force will be less at a greater distance from the 
magnets. 

Also, the magnetic potential of the surface /q/c, will he greater 
than tliat of the surface and that of the surface will 

be greater than that of 'Fhe ]K)tcntial gradually increases 

as v’C proceed along the line of force fq/qerj from S towards N.^ 
If time permits, the student is recommeiuleil to map out 
the equipotenlial surfaces for other arrangements of magnetic 
fields of force. 


ClIIICF PoiN'PS OF CHATTFR VI 

A Map of a Magnetic Field is a diagi.un indiculing, hy means of 
lines, the direi'lioii of the nuignelic force at vaiious ])t>iut.s of the lleld. 
Faraday teiined these lines J/as^y!r//ir /.vit s of 

A lUiqi only indicates the lines of force in that etoss-seelion cF the 
A\hich cointhde.s with the jilune of the ]iaper on whii'h the map i'> 
experiment all}' (»htained. 

The Earth’s Field. — A horizontal map of the e.ulh’s field consists 
of uniformly jrarallel straight lines. 

The Eesnltant Magnetic Field due to the Earth and to an 
artificial Magnet.-- If no special preiMutions are udopti-d in older to 
eliminate the forces due to the eutlh, the map (|^*aine<l e\pei inientully 
A\ill represent the resultant field due to the earlh^licld and the magnefs 
field. 

The forces due to the magnet at points lu'ar to it are, a--, a lule, 
great as I'ompared with those dvie to the earth. In such icg.ions (he 
map will be a slightly distorted rejiresentalion of thi' magnet's tield. 
z\t ('onsideral)le distances from the magnet the map will he a <iis(oited 
representation of the earth’.s field. 

Points at which the two liekls exactly neutralise each other are 
termed ///c nouiml foints. 

Such maps may lie experimentally olitained hy two mi'thods (i. ) 

^ 'The [Kiieutial of a sin.gle //e///V«.seekmg pole is always chosen in ouUt 
to e;.prc.s.s llie magnetic jrutential at any point. 
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the co 7 Jtpass-needle method^ (ii.) the iron-filings method. In the latter 
method, the extent of the area of a magnet’s field which can be mapped 
out is restricted to regions quite near to the magnet, and scarcely ex- 
tends to those regions in which the distortion due to the earth’s field 
becomes apparent. 

Maps of Magnetic Fields due to a Magnet alone. — The effect of 
the earth’s field may be eliminated by adjusting the experiment at each 
step so that the compass-needle always comes to rest in the magnetic 
meridian. 

Properties of Lines of Force. — Lines of force always proceed 
between regions of unlike polarity, and never proceed between regions 
of like polarity. 

Faraday has compared lines of force to stretched elastic threads 
which tend to shorten and to repel one another from side to side. As 
a result of this hypothesis, the lines of force wdll always tend to take 
the shortest possible path between regions of opposite polarity, so 
far as their tendency to mutual repulsion will allow. 

The Positive Direction of a Line of Force is that direction in 
which a single north-seeking pole will tend to travel if placed at any 
point on that line of force. 

Symmetry of a single Bar-Magnet’s Field. — The lines of force 
due to a single bar-magnet are symmetrically distributed in the space 
round a bar-magnet, and their distribution will have the same character 
from whatever point the magnet is viewed. 

Surfaces of Equal Magnetic Potential in a magnetic field arc 
always perpendicular to the lines of force. No work is done when 
a magnet-pole passes along such a surface. Although the distance 
between two consecutive surfaces may not be the same at all points, 
yet the work done in carrying a magnet-pole from one to the other will 
always be the same. 


UESTIONS ON Chapter VI 

1. A bar-magnet lies on a table; on it is placed a piece of card- 
board on which iron filings are lightly scattered ; on the cardboard 
being gently tapped the iron filings lie in certain lines. Sketch 
the general appearance of these lines, and explain why they are 
formed. 

2. .:V strong bar-magnet is set upright, and a sheet of cardboard 
rests horizontally on the top of it. Describe and show by a sketch 
the way in wliicli iron filings sprinkled on the cardboard arrange them- 
selves. 

3. Three jirecisely similar magnets are placed vertically, with their 
lower ends on a horizontal table. Iron filings are scattered over a 
plate of glass which lests on their upper ends, two of which are north 
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poles and the third a south pole. Give a dias^ram showing the forms 
of the lines of foice mapped out by the fdings. 

4. Seeeial bar-magnets aie placed on a table. flow* wovdd you 
use a card and iron fdings, to determine how to place a nail, lying 
horizontally on the table with its ceniie at a given point, so that it 
may ac(piire (1.) the largest, (ii.) the smallest [lossiIJe amount of mag- 
netism by induction ? 

5. Two bar-magnets are laid on a table at right angles to each 
other, so that the axis of one passes through the mithlle j)oinl of the 
other. They do not touch.' A sheet of caidboaid over which iron 
filings are uniformly scattered is placed over them and tapped. Draw 
a picture showing the appearance which the iron lilings piesent. 

6. A strong bar-magnet is placed on a table with its axis l\ing in 
the magnetic meridian, and with its north-seeking jKile towaids tlie 
north. State in W'hat direction a compass -needle points (i. ) when 
placeil immediately over the centre of the magnet, (ii.) when gradually 
raisetl veitically upwards. 

7. Dcscrihe and ex]ilain an expeiimental method of obtaining a 
horizontal map of the earth's magnetic field. Show by means of a 
sketch the general character of the ma[), 

8. Explain what is meant by the term A'cut/iant 
and give a diagram of an exam[)le. 

9. Explain wdiat is meant by the ATeufra/ /Iv'/z/.v in a ri’sultunt 
magnetic dekl. How can they he located expeiimentally ? 

10. J)erme the a/id a/ ir*: /bVv’i 0/ a [.i/ic of fone. 

Describe an exiieiiment wdiich you would carry out in oidet to exemplify 
your delhiitlous. 

11. W’hat characteristic piojieity of a line of force dcteimlnes the 
direction in which lines of force traverse the inteneiiing space between 
regions of magnetic pidarity? W’hat physical ]>roperty can be atti ibutml 
to lines of foiee in older to explain the relaiiw movements of two 
regions of magnetic pvihuity which are lice to move ? (‘dve viiaip.iuis 
to ex[ilain your answers. 

13 . Describe briefly what is meant by a Surface of IC-pot! .I/nyweAv 
Polt'niiu!. Make a rough diagram of the surfaces lictween two magnet- 
poles of opposite polarity. 

13, Wduit is meant hy a line of force? Diaw diagrams showing 
the general foim of the lines of force when a small magnet is placed 
witli its axi.s parallel to the lines of Ibtcc of ilu* c.utli's Held if the 
north pole of the magnet i.s turtied towards (i) the nortli, .md lai the 
south. 



CHAPTER VII 

INTERNAL MAGNETIC FIELDS WEBER’S THEORY 

MAGNETIC SCREENING 

Appa 7 ‘atiis required. — Bar-magnets. Several compass-needles. 
Clock-spring. Sheets of paper. Iron filings. Glass 
test-tube and steel filings. Darning-needles. Soft iron 
bar and slab. Magnetometer needle. 

Internal Magnetic Fields. — So far, only the magnetic 
phenomena in the region roimd a magnet have been con- 
sidered. Does each line of force have two free ends situated 
at the points where it leaves and re-enters the magnet ? or does 
each line continue through the substance of the magnet, and 
so form a complete loop without any free ends 1 To answer 
these questions we cannot, it is clear, introduce a test-needle 
into the interior of the magnet ; but it might be possible to cut 
out a small piece of the magnet sufficiently large to insert a 
test-needle. It is, however, much easier to break the magnet 
completely through, and then separate the broken ends slightly, 
so as to expose any lines of force which may be present. 

Expt. 48. — Magnetise a piece of clock-spring about 10 
cms. long. Break it into halves. Examine the pieces 
by a compa.ss-necdle. One half does not possess north- 
seeking polarity only, and the other half south-seeking 
polarity ; each half is in itself a complete magnet, 
possessing two unlike poles. Lay the halves on the 
table in line with one another, and about 3 cms. apart. 
Sprinkle iron filings on to a sheet of paper placed 
over the clock-springs ; there arc evidently lines of 
force connecting the broken ends. Break the spring 
G 
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into still smaller fragments, and test the polarity of 
each. Observe that the like poles of every fragment 
point in the same direction. 

Evidently the lines of force traverse the length of the magnet, 
and each small fragment is traversed to a greater or less degree 
by lines of force, which enter at its south-seeking pole and 
emerge at its north-seeking pole (Fig. 6o). 

Since each small fragment is a complete magnet in itself, a 
bar-magnet may be regarded as consisting of a large numl^er 
of minute magnets arranged with like poles pointing in the 
same direction. There is no theoretical reason why this 



Fig. 6o. — A broken magnet. 

breaking process should not be continued until the fragments 
are almost infinitely small, and each such fiagment fouml to ])e 
still a complete magnet. Movlern thc'ory maintains that even 
the smallest physical quantity — the niolt'cide — present in a bar- 
magnet is a minute magnet, though the bur may contain several 
millions of such molecules. 

Do the molecules become magnetised simultaneously with 
the magnetisation of the magnet ? or do they naturally ])ossoss 
a polarity which only becomes evident externally after tlu‘ b;tr 
has been magnetised ? 

Expt. 49. — -Fill a glass test-tube with steel tilings loosely 
packed ; cork up the tube, and notice that it behaves 
towards a test-needle like an ordinary piece of iron, 
IMagnetisc the tube by single touch, or better, by means 
of a spiral of wire and electric current (E.xpt, 14 , 
Observe that the tube now has opposite polarities at 
the two ends, and that the tilings appear to some 
extent to have arranged themselves Iciigthwise. Each 
filing has been magnetised, just as small sewing-needles 
would has^c been magnetised ])y similar treatment. Each 
filing' has its lines of magnetic force, which come from, 
and afterwards pass into, neighbouring filings, and wlfudi 
only appear at the ends of the tube where they emerge 
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into the surrounding space. Empty the filings out on to 
a sheet of paper, mix well together, and pour them back 
into the tube ; again test for polarity. 

The polarity has been destroyed, and the tube again behaves 
like an ordinary piece of iron. ^ 

The filings cannot have been ' 
demagnetised by merely mixing 
them ; is it possible that their 

magnetism is simply hidden Fig. 6i.— Two magnets forming a 
within the tube ? Can the mag- magnelic chain, 

netism of one filing be masked by that of a neighbouring 
filing ? 

Expt. 50. — Place two equally-magnetised darning-needles 

side by side, with unlike 
poles together. Take a 
map of the magnetic field 
with iron filings. Observe 
the behaviour of a com- 
pass - needle at various 
points in the neighbour- 
hood. 

The external magnetic 
forces of each magnet have 
disappeared ; all the lines of 
nSA-S chfr '"® ' emerging from N, (Fig. 

6 1 ) are drawn towards S.„ and 
those of No are drawn towards S^. The magnetic forces arc 
concentrated into the small regions N^S,, and NoS^. At a 
distance the whole arrangement behaves like a mass of 
unmagneliscd iron. 

Expt. 51. — Show that the external magnetic forces of three 
similar magnets would neutralise each other if arranged 
as shown in Fig. 62. 

Each line of force traverses the sides of the triangle taken 
in order, and no lines are found externally. Any such arrange- 
ment is termed a closed, magnetic chain. 

If the three magnets arc arranged like three sides of a 
square, as shown in h'ig. 63, then the arrangement is termed 
an open magnetic chain, and an external magnetic field of 
force exists in the space between and .y^. 
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The most perfect example of a closed magnetic chain is an 
iron 7 ~ing which is magnetised along- the curved axis of the iron 
(Fig-. 64). The magnetic field 
Sv " 2 is completely internal, and its 

^ •'’/ presence can only be detected 

by cutting' a small gap in the 
ring sufficiently large to intro- 
duce a test-needle. 

Returning to Expt. 49, it is 
evident that the disappearance 
of the external magnetic field 
round the tube of iron filings 
may be due to the fact that the 
filings, when mixed together, 
Fuj. 63. —An open magnetic chain. have grouped thciUSClveS iutO 
dosed ?nagndic dnr/ns, and that 
the general arrangement is hig-glcdy-pigglcdy instead of linear. 

Weber’s Theory.— -The next inference is that, in a bar of 
unmagnetised steel or iron, each molecule may be a magnet, 
but the molecules arc grouped into numerous inde[)endent 
magnetic chains. These chains become broken up by the 
process of magnetisation, which causes all the molecular mag- 
nets to turn into line, 'fhis is known as Weber’s Theory 
of Mag'netisatioxi, our knowledge of which lias been greatly 
advanced by the work of Erofessor j. A. iCwing. 

d'hc liuestion is still unanswered .as to how .and why the 
molecules of steel or iron are natural magneto, and it can 
scarcely be discussed in this small Ixxik. It must suffice to 
apply the theory to the simpler magnetic phenomen.a, and to 
obtain thereby an explanation of the experimental results 
observed. 

Application of Theory, (i.) 77/0 /mew of' ///(py/t-ZAu'- 
i/o/L — With slight magnetisation the molecules nuuely turn 
through a slight angle, giving a slight excess of riorth-seekiug 
polarity in the direction of tin; magnetising ton e, .imi slight 
excess of south-seeking ])oIarity in the opjiosite direction. As 
titc magnetisation proceeds, the molecules turn gradually mont 
into line. 

E.xrr. 52. Place a group of scweral eompass-neeilles close 
together on the table. Observe the relative dina tions 
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in which the needles point. Gradually bring one pole 
of a bar-magnet near to the group, and observe how the 
needles are slowly deflected into line. When once in 
line the needles are not affected by bringing the bar- 



niagnet still nearer to the group. When the magnet is 
removed to a distance, the needles, being free to move, 
immediately swing' back till their directions are hig'g'lcdy- 
piggledy once more.^ 

(ii.) Saiuratio }!. — When all the molecules point exactly in 
the direction of the force, an increase of the latter will not 
produce any further effect — in fact, the magnet is saturated. 

This complete alig-nment- may be difflculL to obtain in 

^ 'riiis can be well shown to large classes by using the horizontal pro- 
jecting appliance of a lantern, and using compass-needles, the cases of 
which have glass top and bottom. 

“ 'The woicl alignment is intended to convey the idea that the molecular 
magnets are arranged m line and end-to-end. 
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practice ; some of the chains of molecules near the sides of the 
magnet may be comparatively short, forming short open mag- 
netic chains, the external magnetic forces due to which will 
give the characteristic polarity to the surface of the magnet 
where they emerge into the outer space (Fig. 65). 

(iii.) Effect of Vibration. — Vibration would give to the 
molecules greater freedom to move, and would aid the mag- 
netising force in breaking up the closed magnetic chains. At 
the same time, vibration of a bar-magnet which is already 
magnetically saturated would, in the absence of the magnetising 



force, tend to jerk the molecules out of alignment, and .so to 
reduce the degree of magnetisation ; continued vibration would 
tend to bring the molecules back into the condition of closed 
magnetic chains. 

(iv.) Ri'tenti' 7 'ity. — In the absenc'c of vibration, the main- 
tenance of })erfcct alignment would depend u|n)n the forci's 
which might resist any tendency to rcarrangi'inent. Sir h 
forces might be caused by mcc/iannat friction or by the 
inutnai nia<o,netic fo/rcs, and they are wi‘11 marked in tht' rase 
of steel, hut almost absent in soft iron. ICxpt. 52 is analogous 
to the behaviour of soft iron, and the .same experiment would 
in some features resemble the behaviour of steel if the needles 
were swinging in thick treacle insteail of in air. 

(v.) Snsciftibi/itj'. — Just as the forces resi.siing any return 
to the closed chains is greater in steel than in soft iron, so 
also are the forces resisting’ the breaking-up of the magnetic 
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chains greater in steel. The same magnetising force will 
cause a greater disturbance in the soft-iron molecules than in 
the steel molecules. 

(vi.) Elongatio7i of a bar when magnetised.- — The deflection 
of the molecules into line when a bar is magnetised would 
probably cause a slight change in the dimensions of the bar. 
Joule found that when a bar of steel is strongly magnetised, it 
actually does elongate to the extent of of length. 

(vii. ) Magnetic Indnctio7t. — This is considered fully in the 
next section. 

Behaviour of Soft Iron in a Magnetic Field. — If a 
bar of soft iron is placed in a magnetic field, with its length 
coinciding with the direction of the magnetic lines of force, 
the molecular magnets of the soft iron will be pulled partially 
or completely into alignment, according to the magnitude of 
the magnetising force. The molecular north-seeking poles will 
tend to point in the positive direction of the force, and the 
south-seeking poles in the opposite direction. The ends of the 
iron will possess polarity, and the lines of force traversing its 
length will be partly those of the magnetic field in which the 
soft iron is placed, and partly those originating from its own 
molecular magnets. The latter lines were originally hidden 
owing to the molecules being grouped in closed magnetic 
chains. The iron has become temporarily magjtetised by 
induction., and evidently the essential condition for this is that 
the lines of force shall pass along the length of the iron. At 
all foints where lines of force e7ifer the iron we find a ?'egio7t 
of south-seeking polarity., a7id a 7'egio7i of 7torth-secking polarity 
whc7'e they cnie7gc. If the iron is so situated that the lines of 
force pass through the iron from side to side perpendicularly 
to its axis, then no lines of force traverse its length and no 
polarity is found at the ends ; in such a case the polarity will 
be found distributed along tho two sides. 

Hence, in order to magnetise a bar of soft iron 
by induction, so as to create polarity at the two 
ends, it is necessary to place the iron in the field 
so that the lines of force pass through the iron in 
the direction of its axis. 

The same effects will be obtained with steel, but to a much 
smaller degree, since its susceptibility is less. 
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Expt. 53. — Place a long strip of thin soft iron on a sheet 
of plain paper, its length coinciding with a north-south 
line. Tlie iron should be tested picviously to cnsuic that 
it is entirely free from pennanent polarity. J5y incans of 
a compass-needle, map the lines of 
force in the region near to the iron. 
The end .v, \vherc the lines of force 
enter the iron, has acquired south-seeking 
polarity ; and north-seeking polarity at 
where they emerge. It is evident also 
that the inioisiiy of the magnetic field 
on cither side of the iion, c.y. in the 
regions A and B, is diminished ; and it 
is increased in the regions C and D. 
The change in intensity might be obsciwcd 
by detci mining at each point the rate of 
swing of a short magnet suspended hori- 
zontally. It can be pioved tiiat the 
intensity of the lield. is jiroportloinil to the 
s([uarc of the number of swings cU-scribed 
in a gi^ en time. (See ]>. 9S.; 

Since the intensity of (lie livid is re- 
duced in the regions tin (.‘itlier side of the 
iron, the iron may be regarded a.s a moie or less imperfect 
magnetic screen for these regions. 


I / ' ; ifBji \ I ! 

1 ! j I I I I 1 / 

Fig. 66. — .A. li.nr nf soft 
iujii ia Uiu c.u til's Held. 



Fig. 66a represents the magnetic field obtained when a 
strip of soft iron i.s placed betw-ecn two ntagmd-poles. 

The appearance of tlie maps .stiggcsls that the lines of force 
prefer to travel through the iron rather than the surrouiuling 
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air. idea is sometimes expressed by saying that iron, 

or miy other ynagnetic substance, conducts lines of foxe better 
thafi air. The effect of iron in a magnetic field is to some 
extent analogous to an open gap in a hedge, across which 
a strong wind is blowing ; more air passes through the gap 
than through an equal length of the hedge, since the gap 
offers less resistance to the passage of the air ; the stream-lines 
(or lines indicating the direction of flow) of the air converge 
towards the gap, and diverge again on the opposite side of the 
hedge. The gap may be regarded as a better conductor for 
air than the hedge. In a magnetic field the lines (which do 
not indicate directions of flo^v but rather directions of force') 
converge towards the iron in a similar manner, and the 
degree to which this takes place depends ui^on the softness 
of the iron. 

Permeability. — The effect of soft iron in a magnetic field 
is more accurately expressed by saying that magnetic sub- 
stances have greater ^nagnctic fenncability. 

Fcnneability may be defined as the j) 7 'ofcrfy, f assessed in 
varying degree by magnetic substances, of becoming magnetised 
when placed hi a magjictic field. If a piece of soft iron is 
placed within a magnetic field, the number of lines of force, 
including those due to the original field and those due to the 
iron, within the iron and traversing each square cm., drawn ])cr- 
pendicularly to the direction of the field, is termed tlic magnetic 
induction, and is denoted usually by the symbol B. If H 
represents the initial intensity of tlic field, then the permeability 
is expressed numerically by the ratio B/H. 

Of the few magnetic substances which arc know'ii, soft iron 
has by far the highest pcimeability. All substances other than 
those which are magnetic have the same jiermcability as air. 

Magnetic Screens. — When soft iron is placed in a mag- 
netic field, and I auses the intensity of the field to he diminished 
at any neighbouring' point, it is said to magnetically si reen that 
point. 

If a thick jiiccc of soft iron is jilat'cd near to the polo of a 
bar-magnet as shown in f'ig. 67, many of tlie lines of force 
appear to traverse the iron from its centre towards either end ; 
only a few lines appear to pass beyond the distant side of the 
iron screen. 'J'he centre of the iron screen will have south- 
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seeking polarity, and both ends will have north- seeking- 
polarity. The deflection of a compass-needle at A will be 
diminished by interposing the slab of soft iron. 

This is not the only position of the iron slab which will 


it 



// 


Fig. 67. — The point A is inan:ncti<'ally srifciu-d hy ;i sl.ih of soft non. 

screen the needle ; in fact, the point A will lie more fully 
screened if the slab is placed in other positions. Assuming 



Fig. 6R.— .a sUh of soft iron ;U iii. wilt srrf i A more t omplctcly th.m 
if pl.KK’il at i, 

that all the lines of force emerging from N return hy more or 
less circuitous routes to the opposite pole of the magnet, thci 
slab of iron will have a greater effect if it is jilaced in such a 
position as to offer as direct a path as possible to the lines tif 
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force returning to the opposite pole of the magnet. According 
to this reasoning, the screening effect in position ii. (Fig. 68) 
will be greater than when placed in position i. The effect 
will be still more marked if the slab is placed in position iii. 

By considering the polarity induced in the soft iron under 
such conditions, it is easy to explain (by the Primary Law of 
Magnetic Attraction and Repulsion) why the screening takes 
place, since in each position the induced south - seeking 
polarity in the soft iron will tend to neutralise the forces due to 
the north-seeking polarity of the magnet. 

Expt. 54. — Support a bar-magnet on a wooden block 
about 20 cms. to the east or west of the magnetometer 
needle. Note the deflection. Interpose a slab of soft 
iron (2 cms. thick) and note the change of deflection. 
Place the slab in various positions and note the deflec- 
tion in each case. Observe wdiat position of the slab 
affords a maximum screening of the needle. If a thick 
slab of soft iron is not available, the screening effect can 
be satisfactorily shown by using two or three thicknesses 
of galvanised iron-sheet. 

The screening may also be detected by comparing the rate 
at which a suspended magnetised needle swings to and fro at 
the point which is under examination. 

The most perfect form of magnetic screen is obtained in 
thd case of a hollow sphere of thick soft iron. The space 
within the sphere may be said to be absolutely free from lines 
of force, all of which will pass through the substance of the 
iron shell (Fig. 69). The diagram indicates the general dis- 
tribution of the lines of force in a section through the centre 
of the sphere. This principle has been applied by Lord 
Kelvin to the screening of ship galvanometers from magnetic 
disturbances by placing the galvanometer inside a hemi- 
spherical shell of soft iron. 

Theory of Magnetic Keepers. — It may be assumed 
that a bar-magnet consists of a large number of open magnetic 
chains of molecular magnets, and that the degree of magneti- 
•sation depends upon the completeness of alignment of the 
molecular magnets. Any subsequent treatment which tends to 
break up the magnetic chains will diminish the degree of 
magnetisation. A magnetic chain is more readily disturbed 
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at its ends tlian at its centre, since a molecular maj^nct near 
to the centre is liekl in position by the mutual magnetic forces 

<: of the neighbouring 
j molecules in the same 
chain, wliilc the molec- 
ular magnets at tlie 
extreme ends of the 
chain have a re- 
st i‘ a i n i n g m a g n e t i c 
force acting on one 
1 pole only. The latter 
uf m ii. ell consequently more 

sensitive to vibralion 
or ph\csical distuibance. In order iu ])reserve the stiength of 
a magnet, it is necessary to lengthen the magnetic chains 
artificially so that the end molecules may be kept in position 
just ns completely as those 
near to the centre, '['his ex- 
plains the chief purpose^ of 
magnetic ket‘pers. In the 
case of a liorse-shoe mag- 
net, the keeper is magnet- 
ised so long as it is in 
contact ^\ith the poles, and 
its polarity is such that it 
tends to kcej) the end 
molecuk's in position. 'I'he 
oj)en magnetic ('hains of 
the magnet now become 
closed chains, which are 
situated ])artly in the 
magnet aiul partly in the 
keepm*. 'I’lie same result 
is obtained by placing two 
bar-magnets side by side 
with unlike poles logetlnu', 
and the ends connected by soft iron loH'pers. 

Nearly all the lines of force passing betwia-n the puk-s of 
the horse-shoe will pass through the iron kcepcT insteml of 
taking a more circuitou.s route through air; the si>ace iH'j'ond 


I 




\ sofi iron 1. 
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the keeper will consequently be screened from the magnetic 
forces due to the magnet (Fig. 70). 


Chief Points of Chapter VII 

Each. Magnetic Line of Force is a complete loop, and does not 
possess two free ends. 

Each Molecule of a Magnet is a complete magnet in itself. 

Weber’s Theory. — Each molecule in an unmagnetised bar of iron 
or steel may be a magnet, but the molecules are grouped into numerous 
independent magnetic chains. The process of magnetisation consists 
in bi caking up these chains, and turning into line the molecular 
magnets, with like poles pointing in the same direction. 

,A closed magnetic chain consists of a group of magnets so 
arranged that the magnetic forces due to any member of the group are 
neutralised by the forces due to the other members of the group. 

An open magnetic chain is an incomplete closed magnetic chain, 
thus affording a resultant external magnetic field. 

Behaviour of Soft Iron in a Magnetic Field. — When magnetic 
lines of, force traverse a piece of soft iron its molecular magnets will be 
paitially or completely pulled into alignment. The final number of 
lines of force traversing the iron will be partly those of the field in 
which the iron is placed, and partly those oiiginating from its own 
molecular magnets. 

Permeability is the property, which a magnetic substance possesses, 
of becoming magnetised when placed in a magnetic field. 

Intensity of magnetisation inside the iron 
Ptfniea i ity— intensity of the magnetising field 

Magnetic Screens. — When soft iron is placed in a magnetic fiehl, 
and causes the intensity of the field to be diminished at any neighbour- 
ing point, it is said to magnetically screen that point. 


Questions on Chatter VII 

1. A short piece of soft iron is to be magnetised inductively, vState 
how it should be placed relatively to (i. ) a bar-magnet, (ii.) a horse- 
shoe magnet, in order to obtain a satisfactory result. Hive diagrams. 

2. (live a diagram of the lines of force due to a hoisc-shoe magnet 
(i.) with the keeper on, (ii.) with the keeper off. 

3. De.scribe the difference between the magnetic properties of soft 
iron and haul steel. Which would you u.se (i.) for the core of au 
electro-magnet, (ii.) for a permanent magnet? Give leu.sons for your 
answer. 
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4. A glass tube is neaily filled with steel filings and corked at both 
ends. It can then be magnetised by any of the ordinary methods, but 
loses its magnetic pioperties when shaken. Explain this. 

5. A piece of soft iron and a piece of hard steel of the same size 
and shape are sepaiately rubbed from end to end by the noith j^ole of 
a stiong bar-magnet. J-Eow will you test their magnetic condition, and 
what dilference will you find between them ? 

6. A piece of cardboard is placed over a horse-shoe magnet lying 
on a table, and iron filings are scattei'cd over it. Draw a picture 
showing tlic airangement assumed by the filings when the caidboaul is 
tapped. If the pole.s of the magnet are joined by an iion keeper, how 
will the arrangement of the filings be modified when the canlboarcl is 
again lapped ? 

7. Iron filings are scattered on a piece of caul board which is 
placed over .a horse-shoe magnet and lapped. What diffeiences wo^ild 
be observed in the arrangement of the filings when the ends of the 
magnet were joined in turn by bars of (r) steel, (2) .soft iron, and (3) 
copper ? 

8 . If you were required to magnetise a circulai ling of steel so that 
it .should show no sign of magnetisation, how w'ould you pi’oceed ? and 
liow, being allowed to deal with the .steel in any way lliat you pleased, 
W()uld you ])iove that it wa.s really magnetised? 

9. An iron ball is held over a pole of a horse-shoe magnet. Will 
the attraction exerted on the ball be altered if the poles of the magnet 
are connecicd by a soft iron keeper, and, if so, in what way, and why? 

10. A long magnet and a jiiece of soil iron of tlu' same si/e ancl 
shape are placed jiarallel to each other underneath a sheet of pajier 
on which iion filings arc strew'cd. I low will the filings anange 
themselves ? 

11. A conqtass-necdle is dellected by a bar-magnet placed some 
distance away from it. How is the dcllection modified (if at all) wlu'u 
a bar of soft iron is placed parallel to, but not touching, the imignct? 
Give rea.suns for your an.swer. 

12. A comjiass-needlc i.s deflected 15“ from the meridian, when a 
bar-magnet is placed on the table some tlistance away. Will the 
deflection be altered if the poles of the magnet are conncctcil by a bent 
iron rod ? Give roa.sous. 
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SIMPLE MAGNETIC MEASUREMENTS 

Apparatus required. — Magnetic balance. Vibration magneto- 
meter. Long bar-magnet. Stop-watch. 

Tlie Unit of Magnetic Pole Strength.. — All measure- 
ments in magnetic phenomena are based upon the system of 
absolute units proposed by C. F. Gauss (1777-1855) of 
Gottingen. This system has for its fundamental units the 
centimei 7 ‘e., the gra 7 /i, and the second ; for this reason it is 
universally referred to as the O.G.S. system. 

Gauss defined as the unit of force that force which gives 
unit velocity to unit mass in unit time. In the C.G.S. system 
this unit force is termed the dyne ; it is equal to the weight 
at the earth’s surface of 1/981 gram (approximately). 

Similarly, Gauss defined the unit of magnetic pole 
strength as that which exerts a force of one dyne on 
an equal pole situated at a distance of one centi- 
metre. When the pole strengths are vi.^ units and units 
respectively, the force will be (;;/j x in^) dynes ] and, by the 
law of inverse squares, when the distance apart is d cms., the 
force {/) is expressed by the equation— 

f— 

This equation assumes that air, or some other non-magnetic 
substance, is the medium in which the poles are situated. 

Hibbert’s Magnetic Balance. — This magnetic bahi 7 ice 
(Fig, 71) provides a simple method of measuring approxi- 
mately the pole strengths of magnets. The beam of the 
i^alance is a magnetised needle suspended at its centre. 
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Vertically above one end of this beam is the similar pole of a 
second magnet, fixed horizontally. The distance apart of the 
poles is observed by means of a vertical scale. The repulsion 
between the poles is balanced by a small weight sliding on the 
distant half of the beam ; and the repulsion is calculated by 
applying the principle of moments. 

With this apparatus it is better to use Robison magnets, 
which are straight needles terminating at each end with steel 
spheres. The advantage of these is that the poles are exactly 
at the centres of the spheres. 



Fig. 71. — Hibbert’s Rla'^netic Italai 


The following experiments maybe made with the balance : — 
Expt. 55. — (i.) T/ie compmison of the foie sfrcn^iii/is of i-<oo 
niagnefs. — Place the two magnets consecutively in 
position at the same vertical distance aljove the pole 
of the balance, and observe in each case the position of 
the sliding weight wdien equilibrium is restored. If 
and m^ are the pole strengths of the three magnets 
(A, B, and C), of which C is the balance-beam ; if 
4, and f arc their half-lengths ; if d is the ^'e^ti(:al dis- 
tance apart of the poles; and if Dj and I)., are the 
distances respectively o.f the sliding weight (tc gm.) from 
the fulcrum, then 


0 ) 


ct- 


' X ^ 7*;/ X D^, and 
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X 

Hence ~ 

(ii.) The measureme?tt of the absolute foie sh^ejiglh of a 
7 ?iagnet. — Using the same magnets (A and B), remove 
the suspended magnet C and substitute for it the magnet 
A. Measure the force of repulsion between and 
when placed at the same distance d apart. If the 
distance of w from the fulcrum is found to be Dg, 

m„ X Wi , 

- X /,. = ■; 

or X vif, = {%v x Dg x d’^)jl^ 

But, from Expt. 55 (i.), = x ; 

hence w = 


In this equation the weight w must be expressed, of course, 
in dynes. 

Intensity of a Magnetic Field. — The intensity of a 
magnetic field is expressed numerically as the force (in dynes) 
with which it acts on a unit magnet pole placed in the field. 
Hence, a magnetic field has unit intensity when the 
force with which it acts on a unit pole placed in the 
field is equal to one dyne. 


The intensity of a magnetic field is expressed graphically 
by the number of lines of force supposed to pass through unit 
area of a section of the field drawn at right angles to the 
direction of the magnetic lines of force. 

Thus, unit magnetic field would be re- 
presented by one line of force per square 
centimetre (Fig. 72). Similarly, a field 
having an intensity of 25 units would be 
represented by 25 lines of force passing 



throug^h each sc[uare centimetre. This 
method of indicating the intensity of the 


Fig. 72. — A magnetic field 
of unit intensity. 


field by means of the closeness of the lines of force is made use 


of even in rough hand-sketches of magnetic fields. 
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When a pole of strength 7 )i units is placed in a magnetic 
field of intensity H, the force /acting on the pole is expressed 
by the equation — 

/= in X H. 

In these latitudes the intensity of the carth^s field, measured 
in a horizontal direction, is about o. i8 dyne per unit pole. 

Expt. 56. — Pole streng-th of a long magnet, by 
locating the neutral point. — By the method indicated 
in Fig. 47 (p. 65), find the position of one of the neutral 
points in the field of a bar-magnet placed u'ith its 
N-sceking pole pointing due south. If li is the distance 
of cither neutral point from the centre of the magnet, 
and if 2/ is the distance between the poles of the magnet, 
the intensity of the field, due to the magnet, at the 
neutral point is — 


If the intensity of the earth’s field, measured in a horizontal 
direction, is o, i S dynes per unit pole, then 

)iil{d - /)2 — + 7)2 = o. 1 8. 

From this equation the value of m can be calculated. 

The Rate of Vibration of a Suspended Magnet. — 
The rate of vibration of a horizontally suspended magnet 
depends upon (i.) the “moment of inertia ” (/.c. the dimensioms 
and mass) of the magnet, (ii.) the pole strength, and riii.) the 
intensity of the niay^netic field in which it is susjicnded. I'he 
time if) of a double-vibration (or “ oscillation ”) is expressed 
by the equation — 


where I is the “moment of inertia,” 2/ the length of tlie 
magnet, vi the pole strength, and M the intensity of the fiekl. 
This equation is similar to that which expresses the time of 
oscillation of a simple pendulum. 

If n is the number of oscillations of a suspended magnet 
described in a given time, then 
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n is proportional to i \t \ 

but 

bence 

or H 

This is the basis of a simple method of comparing the 
intensities of different magnetic fields, and of investigating the 
distribution of polarity 
along a bar-magnet. In 
such experiments, a very 
short magnet made from 
a knitting-needle is con- 
venient ; and, to make the 
rate of vibration slow, a 
heavypiece of non-magnetic 
metal should be attached 
to the magnet The vibra- 
tions are observed either by 
means of a light pointer 
or by means of the image 
of a distant object reflected 
from a mirror attached to 
the magnet. Searle’s vibra- 
tion niagnetoincter (Fig. 73) consists of a brass cylinder which 
carries a short magnet NS and a pointer P. Fig. 73^ repre- 
sents a simple arrangement for viewing a reflected image ; 
A is a vertical pencil line drawn on cardboard, and B is a 
vertical wire which covers the image of the pencil line when 
the mirror M is at rest. 

Expt. 57 (i.). — When the magnet is at rest mark on paper 
the position of the pointer by a pencil line vertically 
below one end of the pointer. Set the magnet vibrating 
through a very small angle. Note the time when the 
pointer passes the zero mark, and count the number of 
passages i?i the sajne direction until at least thirty com- 
plete oscillations have been described. Calculate the 
number of oscillations which would be described in 
one minute. Repeat the observation at some other 
position in the room, and determine the number (?z^) of 
oscillations described in one minute. Then, if and 
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Ho are the intensities of the magnetic fields in the two 
positions, 

(ii.) Suspend the magnetometer near to the edge of a table, 
the edge being in an east-west direction. Determine 
the number {n) of oscillations described in one minute, 
due to the earth alone. Cut a narrow strip of squared 



Fig. 73^; 

paper (1/5 cm.), and gum it along the edge of a large 
bar-magnet. Clamp the bar-magnet vertically from a 
support lower than the table, with its N-secking pole 
uppermost and exactly south of the position occupied by 
the magnetometer. Note, by means of the ])apcr scale, 
the distance of the needle from the centre of the bar- 
magnet, and find the number (//^) of oscillations in one 
minute due to the resultant field of the magnet and of 
the earth. The field due to the magnet alone will be 
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proportional to Keep- 

ing the magnet at the same 
distance from the needle, raise 
or lower the magnet andi» repeat 
the olDservation. Do the same 
for several dhferent positions. 
Plot on squared paper, as shown 
in Fig-. 74, the values found for 
- n% 

If the apparatus of Fig. 73 is used, 
it will be necessary to remove the 
pointer and substitute for it one which 
projects in one direction only. 



Chief Points of Chapter VIII 

The Unit of Magnetic Pole Strength is that which exerts a force 
of one dyne on an equal jDole situated at a distance of one centimetre. 

The Force of Attraction (or Repulsion) het-ween two Poles is 
expressed by the equation — 

where and , are the pole strengths, and d cms. is the distance 
between them. 

The Intensity of a Magnetic Field is defined as the force [in 
dynes) which acts on a lai/t magnet-fole placed in the field. When the 
intensity of the field is H units, the force acting on a pole of strength 
111 units is cx]:n-essed by the equation — 

X H. 

The Rate of Swing of a horizontally suspended magnet, expressed 
by the number (//) of oscillations described in a given time, is pro- 
portional to n/ 11 . Hence IT is proportional to 

Questions on Chapter VIII 

1. Two unlike polc-s, of strength +20 and - 25 units respectively, 
are placed 10 cms. apart. Find the force (in dynes) of attraction 
between them. 

2. A long magnet is placed horizontally on a table with its S- 
seeking pole pointing towards the north. The neutral point is found 
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to be 15 cms. due 1101 tli of the magnet’s pole. If the intensity of the 
earth’s field is 0.20 units, calculate the pole strength of the magnet. 

3. A bar-magnet of pole strength 800 units has its poles 10 cms. 
apart. Find the intensity of its magnetic field at a point on the line of 
its axis and 15 cms, distant from its centre. 

4. A lo)2g magnet, of pole strength 200 units, is suspended vertically 
from one pan of a balance, and is counterpoi.scd. The opposite pole 
of a similar magnet is now supported veitically below tlie lower pole of 
the suspended magnet, and 4 cms, distant from it. An additional 
weight of 3.1S grams is now required in order to restore the balance to 
ecpiilibrium. Calculate the pole strength of the lower magnet. 

5. A vertical steel rod, of which a portion, the length of which is 
less than half the length of the rod, is stuck into the earth, is found to 
be rather strongly magnetised. If you were given a compass and a 
foot-rule, how could you, without disturbing the rod, form an estimate 
of the length of the buried portion ? 

6. A compass-needle makes 10 oscillations in half a minute iluc to 
the earth alone. The earth and a magnet A cause it to make 12 
oscillations in half a minute. When A is replaced by a magnet B the 
needle makes 14 oscillations in the same time. What are the relative 
pole-strengths of the magnets A and B ? 

7. A suspended bar-magnet is made to vibrate at three different 
stations, A, B, and C. At A it makes 20 vibrations in one minute ; 
at B, 18 vilirations in foit3^-five seconds ; at C, 25 vibrations in one 
minute. Find numbers proportional to the inten.sity of the field-s at tlie 
three stations. 
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Apparatus rcquu'ed. — Bar-magnet. Compass-needle. Several 
knitting- and sewing-needles. Strip of galvanised iron 
(30 cms. X 2 cms.). Silk thread. Flat cork. Models 
of dip-needle and astatic pair, hlagnetometer. 

The Earth a Magnet. — The characteristic manner in 
which a compass-needle swings to and fro and finally comes 
to rest pointing approximately north and south, even in the 
absence of any neighbouring magnet, suggests that the earth 
itself must be enveloped in a field of magnetic force. If this 
is so, then a piece of soft iron will become temporarily magnet- 
ised if held with its a.xis pointing in the same direction as that 
in which a compass-needle will point. 

. Expt. 58. — Hold a strip of thin galvanised iron (about 
30 cms. X 2 cms.) so that it is pointing approximately 
north and south. Tap it gently with the knuckles. Test 
its polarity by bringing its ends near to a compass- 
needle. The end pointing towards the north has acquired 
north-seeking polarity. Now hold the iron wnth its north- 
seeking pole pointing towards the south, and again tap 
it. Notice that its polarity is now reversed. Finally, 
hold the iron in an east and west position and again 
tap it. Notice that all polarity has disappeared. 

The tapping may even be dispensed with if the soft 
iron is simply kept in position and the compass-needle 
is brought near to its ends in order to detect the polarity. 

Evidently there are lines of magnetic force originating from 
a region of north-seeking polarity in the neighbourhood of the 
south geographical pole, and traversing the earth’s surface 
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towards a region of south-seeking polarity in the neighbour- 
hood of the north geographical pole. 

In the year 1269 Peter Peregrinus (or Peter the Pilgrim) 
wrote a letter on the construction of the magnetic compass, 
and described how the lodestOJie stands in the dh'cction of the 
north jyole of the heavens. This opinion, that the directive 
power of the compass-needle was due to the pole-star, was 
held until the time of Dr. Gilbert, who discovered that the 
earth itself was a great magnet, and that the forces acting on 
a compass -needle originated from the earth. 
Gilbert also found, by testing with a compass- 
needle, that all iron pillars and railings were 
magnetised. 

Declination . — The geographical meri- 
dian at any poi 7 it of the eart/is surface is the 
vertical pla?ic passing through that point and 
tlwough the poles of the earth. The magnetic 
meridian at ajty point is the vertical phuie 
passi?ig throiegh the axis of a compass-needle 
placed at that povit. In most localities on the 
earths surface these two meridians do not 
e.xactly coincide. The angle between the 
Fig. 7s.— T he nnijle magnetic vierddian and the geographical mcri- 
dimuion at^O any poi?it is called the Declination at 

that poi}tt. In Fig. 75, the line OGr repre- 
sents the geographical meridian, and OM the magnetic 
meridian, at the point O. The angle MOG- is the Declina- 
tion at O. 

The fact that the compass-needle does not point to the true 
north was first observed by Columbus when on a voyage in 
1492. ITe found that, at a point near to the Azores, the com- 
pass pointed true north, but that in regions to the cast of this 
it pointed west, and that in reg-ions to the west it ])ointcd east 
of true north. 

It is impossible to determine the declination by a lecture- 
room experiment, since the geographical meridian, or a true 
north and south direction, can only be found by observations 
of the sun, north star, or other heavenly bodies. A simple 
way to determine true north and south by observations of the 
sun is as follows : — 
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EXPT. 59. — Fix a rod upright on level ground where the 
sun can shine upon it. About an hour or two before 
mid-day observe the direction and length of the shadow 
of the rod, and by means of a piece of string fitting 
loosely upon the rod mark out a circle having a radius 
equal to the length of the shadow. In the afternoon, 
when the shadow has the same length as in the morn- 
ing observation, mark its direction. A line bisecting 
the angle between the directions of the morning and 
afternoon shadows is a true north and south line (Fig, 

76). 

In this country, and in many other localities, the compass- 

needle points to the of true 

north. Elsewhere the Declination is 
easterly, while there are compara- 
tively few localities where the needle 

1908, and diminishes at the approxi- 
mate rate of 6' per annum. ^ 

tion in any locality is not constant, iBill llllll B 

but changes slowly from ^^ear to year. - 

This secula?' change^ as it is termed, - -A' '=4' 

was first observed in 1580 by Bur- ' 

roughs (comptroller in the navy in --- -z-" ^ 

the time of Queen Elizabeth). In 

that 3'ear the Declination in London 

was 11° E. ; this gradually dimin- 

ished, and in 1657 the needle pointed r^- 

due north. The Declination then Fig. 76. -Method of determining 

the geographical meridian. 

became westerly^ and reached a 

maximum value of 24° 30' W. in 1816. Since that date it 
has been slowly diminishing to its present value. It is esti- 
mated that 320 years are required for a complete cycle in the 
changes of the Declination. 

In addition to the secular change there is a very slight 
cycle of changes observed day by day, which is termed the 
Diurnal change. 

It will be readily understood how important it is that the 




Fig. 76. — Method of determining- 
the geographical meridian. 
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Declination should be known at all points of the earth’s sur- 
face, and more especially for purposes of navigation, hlagnetic 
maps are drawn up in which the Declination is marked for as 
many localities as possible, and the utility of the map is con- 
siderably increased if lines are drawn connecting localities 
which have the same Declination. Such a line is termed an 
Isogonlo Line. Lines connecting localities of no Declination 
are termed Ag’onic Lines. Fig. 77 represents a map of the 
world on which these lines have been drawn. It will be 
noticed that there are two agojiic lines j one passes through 
Hudson’s Bay, the Gulf of Mexico, and Brazil ; another passes 
through St. Petersburg, Persia, the Indian Ocean, and Western 
Australia. Between these two lines is an extensive area where 
the Declination is westerly. A third agonic line forms an 
oval in Siberia, China, and Japan ; within this oval the Declina- 
tion is also westerly. In all other localities the Declination is 
easterly. 

Magnetic Dip. — Are the lines of force due to the earth 
horizontal ? It does not follow that, because a compass-needle 
supported on a pivot 
remains horizontal, the 
lines of force acting 
upon it are also hori- 
zontal. Even if the 
lines of force are in- 
clined to the horizontal, 
it may still be possible 
for them to have a 
directive action on the 
needle. In Fig. 78 let 
ns represent a com- 
pass-needle, and 71 ^ 
si' the forces due to 
the earth’s field. The force /z/may be regarded as the resultant 
of two separate forces — ?/// the horizoiital compo 7 ient.^ and ?z V 
the vertical couipo 7 ient. Similarly, sV may be regarded as the 
resultant of the two forces sH' and sV. The forces nH and 
sli' will pull the needle into the magnetic meridian, while 7 iV 
and sl'^' will simply tend to tilt the needle out of the horizontal. 
The weight of the needle is usually sufficient to mask the 



Fxg. 78. — A compass-needle acted upon by magnetic 
forces inclined to the horizontal. 
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effects of the latter forces. It will be found that the earth’s 
lines of force actually are inclined to the horizontal in most 
localities, and the tendency to tilt the needle is neutralised by 
making it slightly heavier at one end.i 

Expt. 6o. — Suspend a long knitting-needle by /jvV/g a silk 
thread to it, and adjust the thread so that the needle 
swings horizontally. Carefully magnetise the needle 
without disturbing the position of the thread. Observe 
that the needle now dips down with its north-seeking 
pole downwards. Since the needle naturally tends to 
take up a position along the lines of fvre, it follows that 
the latter must be inclined to the horizontal. 

This phenomenon was first announced by Robert Norman 
in his book The A'cw Altractroe (published in 1576) ; he pro- 
ceeded to construct a needle which would move freely in a 
vertical plane round a horizontal a-xle, and called it a Dipping 
Needle, 

The angle between the axis of a magjictiscd needle, which is 
free to move in the vefiical plane of the ?neridian, and the 
honsontal line through its point of suppo 7 't is called the Dip. 

The Dip-Needle. — In order that a magnetised needle 
may move freely in a vertical plane, it must be supported on 
a rigid horizontal axle; if it is to be influenced by magnetic 
forces only, and to be absolutely independent of the force of 
gravity, the axle must coincide with the centre of the needle. 
The construction of an accurate dip-needle is an extremely 
delicate operation, and it is only possible to obtain correct 
measurements with a costly apparatus. 

Expt. 6 1. — Select an unmagnetised knitting-needle about 1 3 
cms. long. Construct an axle for the needle in the fol- 
lowing manner: — Hold two short pieces of copper wire 
on opposite sides of and at right angles to the length of 
the needle. Twist the ends of the wires together on 
each side so as to grip the needle tightly, and carefully 
straighten the twists. Make the wire surfaces as smooth 
as possible by heating in a gas-flame and applying seal- 
ing-wax, shaking off the excess of wax while still fluid 

^ The student will now readily understand that tlie map of the earth’s 
field obtained in Chap, VI. (E.\-pt. 40) is really a map of the horizontal 
components of the earth's magnetic field. 
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(Fig. 79, ii.). Apply a spot of sealing-wax so as to rigidly 
connect the axle to the needle. Make a support for the 
needle by cutting two rectangular pieces of sheet brass 
or copper (7 cms. x i cm.), rigidly connect them together 
at the base with their short edges horizontal and i cm. 
apart, and fix them to a suitable base-board (or a support 
may be made with two pieces of glass-rod fixed horizon- 
tally and I cm. apart). Attach a circular scale of 90° to 



Fig. 79. — A simple form of dip-needle. 

one of the supports (Fig. 79, i.). See whether the needle 
is truly balanced by supporting it by its axle on the 
knife-edges ; if necessary, adjust the position of the axle 
by slightly warming the sealing-wax joint and moving 
the axle along the needle. Carefully magnetise the 
needle. Place it on the knife-edges with its axle coin- 
ciding with the centre of the circular scale. Determine 
the magnetic meridian by means of' a compass-needle, 
and mark the direction of this on the table. Place the 
needle so that it swings freely in the vertical plane of 
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the meridian. Observe the angle of dip. Make the 
needle swing slightly and again observe the dip. Repeat 
several times. 

It will be observed that the axle is horizontal and per- 
pendicular to the meridian, and that both the hofizoJital and 
vertical coinpojioiis of the earth’s field (see Fig. 78) influence 
the position of rest. If the a.xle 
is horizontal and parallel to the 
meridian, only //V and (Fig. 
78) will determine tlie position of 
rest (while z/H and s'H' will 
simply tend to bend the a.xic), 
hence, w’ith the axle in this posi- 
tion, the needle w'ill come to rest 
pointing vertically dowmvards. 
This principle is applied in more 
elaborate forms of dip-needle in 
order to determine the magnetic 
meridian (instead of using a com- 
pass-needle). The .stand of the 
needle, supported over a horizontal 
circular scale, is rotated until the 
needle is vertical, and is then 
turned through 90“ so as to bring 
Fk;. 80.-A dip-needle. iixlc perpc^/^ln iihtr to the meri- 

dian. The angle of dip is then 
observed. An instrument of this character is represented i 
Fig. So. 

Angle of Magnetic Dip in various localities, — 
The Dip, like the Declination, differs in different loc.ilities, 
and also changes from year to year. At Greenwich, the Dip 
was 67° 11' in the year 1898, and 66'’ 56' in 1908. Near 
to the equator localities are found where the Dij) is nil. As 
the needle is conveyed northw-ards the Dij) gradually increases, 
and at a point in Boothia Felix (North America) Sir John 
Ross found in the year 1831 that the dip-needle w'as c.xac-tly 
vertical. This region must be one of south-seeking polarity ; 
it is one of the so-called magnetic poles of the earth. As tlie 
needle is conveyed southwards from the etjuator, the south- 
seeking pole of the needle dips downwards, and the amount of 
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dip gradually increases as the south pole of the earth is 
approached. The Shackleton Antarctic Expedition, in 1909, 
located the South magnetic pole in South Victoria Land in 
Lat. 72° 25' S. and Long. 154“ E. 

The secular cha 7 ige in the Dip is far less in magnitude than 
that of the Declination. Thus, in the year 1576 it was 71° 50' 
at London, in 1720 it was 74° 40', and at the present time it 
is diminishing between i' and 2! of arc every ^^ear. 

The magnitude of the Dip has been determined in many 
localities, and a map is reproduced, in Fig. 81, in which points 
of equal Dip are joined together by continuous lines which are 
called Isoolinic Lines. The line of no Dip is termed the 
magnetic equator.^ and it will be observed that it by no means 
coincides with the geographical equator. 

The Directive Action of the Earth’s Field. — 
Expt. 62. — (i.) Fix a magnetised sewing-needle to a fiat 
cork with wax so that the needle is horizontal when the 
cork is floating on water contained in a dish. Float the 
cork on the water so that the needle points east and 
west. Notice how the needle rotates into the magnetic 
meridian, btct does not tend to 77 iove bodily towards the 
side of the dish. 

(ii.) Hold the pole of a bar-magnet near to the needle. 
Notice how the needle not only points in a definite direc- 
tion depending upon the position of the magnet, bttt also 
moves bodily towa?'ds the magnet. 

We say that the action of the earth’s field is only directive., 
and not trajislato 7 y also. The difference observed in the 
above experiments may be readily explained by applying the 
Law of Inverse Squares. The forces due to either of the 
earth’s magnetic poles acting on the two poles of the needle are 
opposite in direction. The distance of the earth’s magnetic 
pole from this latitude is several thousand miles, in comparison 
with which the length of the needle is quite infinitesimal. 
Flence the two poles of the needle may be regarded as being 
equally distajit from the earth’s magnetic poles, and the forces 
acting on the needle will therefore be equal in magnitude — in 
fact, the forces will act like a mechanical couple (see Fig. 30), 
drawing the needle into the meridian, but not tending to move 
it bodily in either direction. 
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When the pole of a bar-magnet is held near to the needle 
the length of the needle is no longer small compared with the 
distance away of the magnet-pole. One pole of the needle 
will be considerably nearer to the magnet-pole than the other, 
one force -will be greater than the other, and the floating 
needle will bodily move in the direction of the greater force. 

The more distant pole of the magnet will exert forces 
opposite in direction to those due to the nearer pole, and will 
therefore tend to diminish the translatory effect seen in Expt. 
62 (ii.). The translatory effect is therefore more marked if 
a lo 7 ig bar-magnet is used rather than a short one. If a very 
long bar-magnet is used the neutralising effect of the distant 
pole becomes quite negligible. 

Behaviour of Soft Iron in the Earth’s Magnetic 


Field. — A piece of soft iron is subject to magnetic induction 
when placed in any magnetic field, whether due to the earth 
or to an artificial magnet. If the field is due to the earth, 
the degree of magnetisation obtained is comparatively feeble, 
because the intensity of the earth’s field is small compared with 
that which is found near to an ordinary bar-magnet. But the 
character of the changes produced in the field by the iron is of 
exactly the same nature in both cases. The lines of force will 
appear to be drawn into the iron, jj 
and will create polarity at the ^ 
pomts of entrance and exit. A 
map of the earth’s field in the 
neighbourhood of a piece of soft 
iron cannot be successfully ob- 
tained by the iron-filing method 
owing to the forces being so weak, 
but the compass-needle method 
will afford an instructive map 
(see p. 88). 

Determination of Dip by 
Induction in Soft Iron. — 1 



When a piece of soft iron is Fig. 82. — Horizontal and vertical com- 
held in the earth’s field, the ponents of a magnetic force, 

maximum degree of magnetisation is obtained when the iron is 


held so that its axis points along the lines of force. But the 
total force in this direction may be regarded as the resultant of 
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two weaker forces, one horizontal, and the other vertical. In 
Fig. 82 7 il represents the magnitude and direction of the force 
acting on a single north-seeking pole, If the iron is held 
horizontally the degree of magnetisation will depend directly 
upon the magnitude of the horizontal force 7 iS. \ if held verti- 
cally, the magnetisation will depend upon the magnitude of the 
vertical force ?zV. 

7 N H I 

tFh “ zTH ~ tangent of the angle of Dip (H;? I), p. 108. 

The degree of magnetisation in these two positions may be 
compared by comparing the forces which the iron exerts on a 
magnetometer needle, assuming that the distance between the 
iron and the needle is the same in each case. 

Expt. 63. — Use a fairly thick piece of galvanised iron 
(about 30 cms. long and 2 cms. wide). Place the 
magnetometer with its cm. scale at right angles to the 
nieridian. Test the iron to verify its freedom from 
permanent magnetisation. Hold the iron vertically with 
its lower end touching the scale of the magnetometer, and 
about 7 cms. distant from the needle. Note the defec- 
tion and the distance. Remove the iron and carefully 
demagnetise it by tapping while it is licld cast and 
west. Hold the iron horizontally in the meridian 
with its northern end at the same distance from the 
needle as before. Note the dcniection. Reverse the 
ends of the iron and repeat the observations. Bear 
in mind that the forces arc proportional to f/ze 
of the azzgk of zhficc/iozi. T.abulatc the results as 
follows : — 


I. 

Voruc.il Position. 

Ifori/ont.il Pusitiun. 

(0. 

Dcflcctiun. 

T.uij?cnt or(i). 

(3). 

Ik-dcclion. 

(4) 

l'ant;c‘nt of (.p. 

1 


i 


* ^--T.uvrcut of 
■d . " |i>ip 

.Angle (.if I'll]). : 


1 
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The magnitude of (4) will be necessarily small if a 
rough magnetometer is used, but the experiment will be 
sufficiently accurate to explain how the phenomenon of 
Induction may be applied to the determination of the 
angle of Dip. 

The forces -which have been compared in this experiment 
.are usually termed the HoHso 7 ital hitensity and the Vertical 
Intensity of the earth’s field. It is clear, from Fig. 82, that 
as the angle of Dip increases so the Horizontal Intensity 
diminishes ; consequently, in a position of high latitude a com- 
pass-needle will oscillate less rapidly than when near to the 
equator. On the contrary, it might appear that, since in the 
former case the needle is nearer the magnetic pole of the earth, 
the total intensity would be greater, and that this would com- 
pensate for the diminution of the Horizontal Intensity due to 
the change in the angle of Dip. This is so to a slight extent, 
but the rate at which the Total Intensity increases is small 
compared with the rate at wffiich the angle of Dip increases. 

Simple Hypothesis of Terrestrial Magnetism. — 
When Dr. Gilbert conceived the idea that the earth itself was a 
great magnet, he endeavoured to reproduce the phenomena 
of terrestrial magnetism on a small scale. He made a small 
sphere out of lodestone, wffiich he called a tefrclla. He poised 
small magnets on the surface of his terrella, and observed how 
they pointed towards the poles of the lodestone, and remarked 
the general similarity between the behaviour of the needles in 
his experiment and that actually observed wffien they w’^ere acted 
upon by the earth’s field. 

Both Declination and Dip may be roughly e.xplained as 
being due to a huge imaginary bar-magnet passing through 
the earth’s centre and slightly inclined to its axis, so that one 
end approaches the earth’s surface at Boothia Felix and the 
other end approaches the surfaces near to the south geograph- 
ical pole at a point which has not yet been explored. At 
these points the dip-needle stands vertically, and they are 
called the jnagnetic poles of the earth. The directions of the 
lines of force of such a magnet would approximately coincide 
with the directions in which a dip-needle is observed to point. 
In Fig. 83 and are the geographical poles, Sw and 
lUm the magnetic poles of the imaginary bar-magnet which is 
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Fig. S3. — Terrestrial magnetism due to an imaginary magnet 



Fig. 84.— Plan of the not them hemisi»herc. 


influencing a dip-nceclic placed at various points on the earth’s 
surface.^ Fig. 84 represents a plan of the northern hemisphere. 
1 Compare Fig. 83 with Fig. 58. 
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is the north geographical pole, and S;;^ is the north 
magnetic pole. At any point along AB the compass-needle 
will point due north, con- 
sequently AB is an agonic / 

line. The angle / 

represents the declination 
atO^. The angles SOoN, /f \ 

SO3N, and SC^NT repre- / W' \ X 

sent the declination at the / || ; 1/ \ 

points C^, O3, and / II > j \ 

respectively. / || I 1 / \ 

But the distribution of / 11 i Ij \ 

terrestrial magnetism is ( It ! 1 / j 

more complex than this. I l| ! j j 

To mention one point \ || | | j 

only where the theory \ |1 | | / 

fails, the student will \ II ' I / 

notice that it only f 

accounts for one agonic j; 

line, which extends com- 
pletely round the earth, 
whereas there is also the 

no-nnir nvnl I'n Fig. 85.— Terrestrial magnetism due to two 

agonic oval in blDeria. imaginary magnets. 

The earth’s magnetism 

might be better represented by supposing that there are two 
magnets within the earth, one much stronger than the other, 
and situated relatively to each other as shown in Fig. 85. 
The dip-needle will be vertical at the points and IST?;;, and 
will thus locate what are termed the magnetic poles. 

Fig. 86 represents a plan of the northern hemisphere. 
Imagine A^IST to be the agonic line passing through America, 
and that a compass-needle is conveyed in an easterly direction 
starting from a point on the line AjN. Its declination will 
become westerly^ and gradually increase and again diminish 
as it approaches the agonic line A2N' (situated near to the 
Caspian Sea). The decimation then becomes easterly for a 
short distance as far as the agonic line A^N (which is the 
western arm of the Siberian oval). Inside the oval the declina- 
tion is westerly^ and the agonic line A^N is the eastern arm 
of the Siberian oval. Between A^ and A, there is a wide 
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area extending across the Pacific, in which the declination is 
eastej'ly. The alternation of westerl}' and easterly declination 
is readily explained by the joint magnetic forces due to the two 
poles of unequal strength, S and (Compare Figs. 77 and 86.) 

Modern Theories as to the cause of Terrestrial 
Magnetism. — If the magnetic state of the earth arises from 
a permanent magnetisation of its materials, it must be confined 



to the outer layers. The temperature increases as we descend 
towards the centre of the earth, and at a depth of tweh e miles 
the temi)eratLire would be sulTicieiit to render it red-hot. 
Under such conditions it is impossible for any permanent 
magnetisation to exist. Hence such magnetisation can only 
be skin-deep. 

The student will remember th.at an electric current is cap- 
able of generating magnetisation in iron, and it is (juite feasible 
to imagine that the earth’s magnetism is due to a system of 
electric currents flowing through its mass. The high tempera- 
ture of the interior would in no way interfere with the pa.ssagc 
of electric currents through those portions where permanent 
magnetisation is impossible. It is suggcsli\'C towards a trust- 
worthy theory that electric earth currents should be detected 
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simultaneously with those brief disturbances in the magnetic 
constants which are termed mag 7 ietic storms^ and that these 
should occur simultaneously with brilliant displays of the 
aurora in the northern and southern hemispheres, hloreover, 
in each case, the luminous arc of the aurora has its centre 
coincident with the magnetic poles of the earth. There is 
every reason to believe that magnetic disturbances are largely 
influenced by causes which originate from outside the earth, 
and there is no absolute proof as to how much of the earth’s 
magnetism is to be attributed to internal causes. 

The ideas suggested on p. 1 1 7 are only offered as working 
hypotheses whereby the main facts of terrestrial magnetism 
may be impressed upon the mind of the student. 

The Mariner’s Compass. — The simplest form of mariner’s 
compass consists of a pair of bent needles with their ends 
united, as suggested by Dr. Gilbert. This combination is 
fastened below a circular card, the upper surface of which is 
divided into thirty- two divisions, termed the ^points of the 
cojjipass. In the centre of the card is an inverted agate cup 
which rests on a hard 
metal point supported 
from the base of the com- 
pass-bowl. In order to 
prevent the rolling and 
pitching of the ship from 
disturbing the horizontal 
position of the compass, 
it is supported by two 
pairs of axes, as shown in 
Fig. 87. This device is 
known as gimbals. 

Lord Kelvin’s standard 
compass (Fig. 88), which 
until recently was generally adopted by the Admiralty, consists 
of eight thin steel needles, about two inches long, fastened 
together on two silk threads, like a rope ladder, and slung by 
other silk threads from a light aluminium rim. A small 
aluminium disc, with a sapphire cup at its centre, is firmly 
attached to the same rim by thirty-two other threads. A 
narrow paper scale, on which is printed the points of the 



Fig. S7.— The mariner’s compass. 



TERRESTRIAL MAGNETISM 


PART 1 


compass, is fastened round the rim. The complete needle and 
scale weighs only about 1 1 grams. 

In more recent times the above type has been found to 

have insufficient steadi- 
ness under vibrations 
due to heavy gun fire; 
and Chetwynd’s liquid 
compass (Fig. 88^?) is 
now generally usecl on 
ships of war. The com- 
pass-bowl is completely 
filled with a mixture of 
water and alcohol, and 
the magnets and card 
are carried by a hollow 
metal float, the buoyancy 
of which almost com- 
pletely carries the total 
„ weight. The scale is 

tir.. Bs Lul d Kelvin s (,oinpus.s. . , , , 

printed by a photo- 
graphic process on the under surface of sheet mica, and the 
scale is protected by a coating of white paint. 

Astatic Needles. — It is sometimes desirable to use a 




IOg. ' w. — Chctvvj lid’s l.Kiiiid Cuiiipn^s 



magnetic needle which, when suspended, is unacted u])on by the 
earth’s field. If a single magnetised needle is bent so as to 
form three sides of a square, and is suspended as shown in 
Fig. 89 (i.), the forces acting on n and .s* will be equal and 
opposite in direction, and the needle will remain at rest in 
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any position. Such an arrang-ement is termed an astatic 
7 ieedle. 

A more useful method in practice is that originally devised 



(i) (JO (in) 

Fig. 89.— Astatic needles and astatic pair. 

by Nobili. Two magnetised needles, which are as identical as 
possible in dimension and degree of mag- 
netisation, are rigidly fixed together in the 
maijner shown in Fig. 90. When freely 
suspended in the earth’s field, the forces 
acting on the lower needle are neutralised 
by those acting on the upper needle. In 
practice it is almost impossible to obtain 
two magnets absolutely identical in every 
respect, but it is easy to obtain an arrange- ^ 

ment which is sufficiently astatic for experi- 
mental purposes ; it is usually termed an 
astatic couple or astatic pair. 

Expt. 64. — Make an astatic pair by 
breaking a magnetised knitting- 
needle into halves. Join them 
together in the relative positions 
shown in Fig. 90 by means of twisted Fig. 90.— An astatic 

copper wire. Suspend the pair by 
means of silk fibre. Notice how slowly the pair vibrates 
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to and fro in the eaith’s field. Reverse the poles of the 
lower needle, and observe how much more rapidly the 
pair vibrates when suspended. 

Fig, 89 (ii.) represents a form of astatic couple devised by 
Prof. S. P, Thompson. 

A single dip-needle may be rendered astatic by placing' it 
so that its axis of rotation coincides with the direction of the 
magnetic dip (Fig. 89, iii.). The magnetic forces acting on 
and r only tend to strain the bearings which support the 
needle, and have no tendency to produce rotation of the needle 
into any definite position. 


Chief Points of Chapter IX 

The Earth’s Magnetic Field. — The space surrounding the earth 
is traversed by magnetic lines of force, which originate from two 
regions of magnetic polarity situated near to the geogiaphical polc.s. 
Dr. Grilbert discovered that these magnetic forces originate within the 
caith itself. 

The Magnetic Meridian at any point is the vertical plane passing 
through the axis of a compass-needle placed at that point. 

The Declination at any locality is the between the magnetic 

meridian and the geographical meritlian. 

The Declination is not the same at all points of the eaitln It is 
i6‘'' 16' W. at London, 9^" 36' E. at Sydney, and ;/// at St. Petersburg. 

The I'leclination Ls .subject to a slow secular -VI unit 320 

years are rerpuied for a complete cycle of clranges to take place. 

Isoi^onic Ir'fU's arc lines diawa on any geographical ma[) connecting 
localities of ecpial declination. 

Lines are lines connecting localities of no dcf'lination. 

The Dip at any locality is the angle between lln* axis of a mag- 
netised needle, which is fiee to move in tlie vcriicul j)kinc of the 
meridian, and the hoii/ontal line through its point of support. 

The Dip w'as first observed by Robert Noiman in 157b. 

Tiic degree of Dip is ncR tlie .same in all localities ; it is 07” 1 1' in 
London. 

Isoeliuic Li lies arc lines drawn on any geographical map connecting 
localities of e<iual 33ip. 

'fhe il/aj{iie//e Kqtiaior is the lino of no l^ip whii'h encircles the 
globe near to its ge<.>graphical equator. 

The LLag-nctic Poles of the earth are localitic.s where the Dip is 
equal to 90"’. Sir John Ross (in 1831) located the northein magnetic 
pole in Boothia Feli.x. 
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The Dip is subject to a slow secitlar cha 7 ige. 

The Directive Action of the Earth’s Field. — The effect of the 
earth s field on a magnetised needle free to move is directive but not 
translat 07 y. 

Magnetic Induction due to the Earth’s Field.~A piece of soft 
iron held with its axis in the direction of the earth’s lines of force will 
become magnetised by induction. 

The Total Intensity of the Earth’s Field may be resolved into 
two components — the Horizontal and the Vertical Compo 7 ients. 

Hypothesis of Terrestrial Magnetism. — A simple working hypo- 
thesis is to imagine that there are two immense magnets within the 
earth not quite parallel to each other, and approximately coinciding 
with the earth’s geographical axis. 

An Astatic Needle is the term applied to any magnetised needle 
which, when suspended, is unacted upon by the earth’s magnetic field. 
A combination of magnetised needles showing the same characteristic 
is termed an Astatic Couple or Pair. 


Questions on Chapter IX 

1. Declinatiofi, zxid. describe a simple experimental method 
of determining it. 

2. Give a brief account of the way in which the Declination varies 
at different parts of the earth’s surface. What are hogonic and Agonic 
Lines I 

3. Given a magnet and the means of suspending it. How will you 
determine (i) the magnetic meridian, (2) in which direction North 
lies ? It is assumed that you do not know which end of your magnet 
is a north and which a south pole. 

4. x\ strip of steel is bent about the middle point, so that the 
halves are inclined to each other at a right angle. It is then mag- 
netised so that its extremities are south poles and the angular point a 
noith pole, and is placed on a flat piece of cork floating in a basin of 
water. How will it set ? 

5. A horse-shoe magnet lies flat on a sheet of brass which is sup- 
ported by strings in, such a way that it turns about a vertical axis, but 
always remains horizontal. How will it place itself? 

6. A bar-magnet is laid on a table perpendicularly to the magnetic 
meridian, and so as to point to the centre of a compass-needle. 
Describe and explain the behaviour of the needle. 

7. A rod of iron, AB, held vertical with the end B downwards, is 
smartly tapped with a mallet. When turned into a horizontal position 
and brought near to a compass-needle, the end B repels the north pole 
of the needle at a distance of four inches, but attracts it when the 
distance is reduced to one inch. Explain this. 
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8. A large soft iron rod lies on a table in the magnetic meridian, 
and a dipping needle is placed at some distance and at about the same 
level (i) due south, {2,) due north of it. Ilow will the magnitude of 
the angle of dip be affected in each case? (Neglect any inductive 
action between the needle and the bar.) 

9. A tall iron mast is situated a little in front of the compass in a 
wooden ship. Explain the nature of the compa.ss error when the ship 
is sailing in an easterly direction (i) in the northern, (2) in the southern 
hemisphere. 

10. A rod of iron when brought near to a compass-needle attracts 
one pole and repels the other. How will you ascertain whether its 
magnetism is permanent or is due to temporary induction from the 
earth ? 

11. An iron rod held vertically is tapped with a mallet. The 
upper end is found to repel the south pole, and attiact the north pole 
of a compass-needle. The rod is now quietly inverted and the same 
end (which is now the lower) is tested again. It is then tapped and 
once more tested. State what results you would expect, and explain 
them. 

12. A dipping needle can oscillate in the magnetic meridian. A 
long bar of soft iron held horizontally in a north and south diiection is 
brought near to it from the south. How is the inclination of the 
needle to the horizon affected as the distance between it and the bar is 
gradually diminished ? 

13. A bar of soft iron is held vertically over the centre of a dip- 
needle, but not near enough to have magnetism induced in it by the 
needle. Is the dip increased or diminished by the jiresence (E the bur, 
and would the result be the same in each of tlie two hemispheres ?• 

14. A rod of iron free from magnetism is suspended by a siring so 
as to turn in a hoii/onlal plane, and the string is twisted unlil the 
rod rests at right angle.s to the magnetic meridian. I']x]dain tlie 
behaviour of the rod if a magnet is broiiglit near l<» it bom .1 distance 
in such a way that its axis is nearly in the line j>assing through tlie 
centre of the rod and perpendicular to if. 

15. A bar of soft iron lies on a talde at right angles to the mag- 
netic meridian, and a ccnnpass-needle is placed at some distance fiom 
the bar with its centre on the axis of the bar produce<l The end of 
the bar nearest to the needle being kept in the same position, the bar 
is then Lurneil round, iqum the table, unlil it is parallel to tlie magnetic 
meridian, the fixed end of the bar being to tlie south. Descrilie the 
behaviour of the compass (i) before, (2) during the rotation tif the bar. 
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CHAPTER X 

PRELIMINARY EXPERIMENTS 

Apparatus required . — Drying oven. Vulcanite and sealing- 
wax rods. Glass tubes.i Suspension. Silk, flannel, 
fur. Clothes-brush. ' Wooden lath. Insulated metal 
plate. Electroscope. Cotton and silk threads. Paralfln- 
wax. Oil. Vulcanite rod with flannel cap. 

Expt. 65. — Rub a rod of vulcanite on the coat-sleeve. 

• Notice that the rod has acquired the peculiar property 
of picking up small fragments of' paper or cork when 
brought near to them. Notice that the effects take place 
when the rod is still some distance away. 

Heavy bodies are atti'acted in a similar manner, but the 
effect becomes evident only when they are suspended in such 
a manner as to allow almost perfect freedom of motion. 

Exi'T. 66. — Balance a long wooden lath {^e.g. a metre scale) 
on an inverted round-bottomed flask. Hold a vulcanite 
I'od, which has been rubbed as in Expt. 65, near to 
one end of the lath, and notice the attraction. 

^ In all subsequent experiments it will be found that fused silica acts 
more satisfactorily than glass. No artificial drying is necessary ; and it 
readily acquires a ■positi'vc charge when rubbed either with silk or fur, or 
ou the coat-sleeve. A suitable size of tube has an internal bore of 
y\y-inch, and 12 inches long. Tubes can be purchased from The 
Thermal Syndicate, Ltd. , Wallsend-on-Tyne. 
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The ancient Greeks observed the same phenomena of 
attraction when ambe 7 ' was rubbed with wool. This is men- 
tioned in the writings of Thales of Miletus (b.C. 6oo). Our word 
electricity is derived from the Greek word for amber (ykeicrpov). 
Until the year 1600 a.d. it was thought that amber was the 
only substance capable of exhibiting these phenomena, but in 
that year Dr. Gilbert found that many other substances were 
capable of affording similar results, e.£-. i-esm, siilj)hur^ glass^ 
etc., and these substances he called clech'ics. 

When a substance is 7 'ubbed with a suitable matetiak and is 
fhcjt found to possess the prope^dy of attj'acting light objects^ it 
is said to be electrified (or, to possess a change of elcctrdcity). 

In order to produce these effects of attraction actual fo 7 'ce 
is required, and this force can only be due to some peculiar 
condition which the substance has acquired when electrified. 
Such forces arc called electric fo 7 res. The space around the 
substance, extending as far as the forces are evident, is called 
the elect 7 'ic f eld. 

Are these forces mutual? i.e. if an electrified body 
attracts an uneleclrified body, docs the reverse also hold 
good ? 

Expt. 67. — Suspend a rod of vulcanite which has been 
rubbed on the coat-sleeve (or with tlanncl) in a wire 
stirrup hanging from a thread of tinsel or silk. Hold 
the hand near to it. Notice how the rod is attracted 
towards the hand. 

Expt. 68. — Rub a piece of well-dried flannel ^ (or lu'own 
paper) with a clothes-brush, and notice how it will cling 
to the walls of the room. 

Hence the forces of electric attraction arc mutual, just in 
the same way that the forces of magnetic attraction between a 
magnet and a piece of soft iron arc mutual. 

1 A Simple Form of Drying Oven. — It is often expodiont to 
artificially dry the; appliances wsed in e.xjicrinu'nts on Statical I'llcctricity. 
A portable drying oven may be constructed in tlic following inannei. 
Fill a shallow Ixiking-lin (about .jo cms. X20 cnis. ) with sand, and covit 
it with a sheet of thin iron (about 40 cms. x 35 cms.) bent into the form 
of a semicircle, so as to form a hood over the .sand-bath, 'The batli is 
supported on tripods, anti htxiled by Bun.sen-buniers [ilaced underneath. 
Glass rods may lie placed in the sand, and paper, llannel, silk, etc., may 
be spread over the liood. 
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How does an electrified body behave towards 
another electrified body ? ^ 

Expt. 69 . — (i.) Suspend an electrified rod of vulcanite, 
and bring near to one end of it another rod of vulcanite 
which has been similarly electrified. Notice the repul- 
sio7i which takes place. 

(ii.) Repeat Expt. (i.), using, instead of the vulcanite, 
glass rods which have been dried in the oven and 
rubbed with silk. Notice the repulsio7t. 

(iii.) Suspend an electrified rod of vulcanite. Bring near 
to it a rod of glass which has been rubbed with silk. 
Notice the attraction. 

These results were first observed by Du Fay, who en- 
deavoured to explain the phenomena by assuming the existence 
of t’Wo khids of electrificatio?!., which attract one another, while 
each repels itself He termed the electrification generated on 
the glass vitreous electricity.^ and that generated on vulcanite 
resinous electricity. At a later date it was found that the kind 
of electrification generated depended on the substance used as 
a rubber, c.g. glass when rubbed with fttr becomes charged 
with resmotcs electricity. 

Expt. 70 . — Suspend an electrified rod of vulcanite. 
Bring near to it a rod of glass which has been rubbed 
with fur. The rcpulsio7t indicates that the charge on 
the glass must be resmous. 

In consequence of such results the names vitreous and 
resmous were abandoned in favour of the terms positive and 
7iegative, which were first introduced by Franklin. 

Theories of Electricity. — Attempts have been made to 
explain the cause of these phenomena. When two bodies are 
rubbed together the electricity which may be generated can- 
not be of the nature of a substance (solid, liquid, or gaseous), 
for an electrified body w^eighs just the same when electrified as 
• it does when unelectrified. ^ The difference between these two 
conditions may be more satisfactorily compared to the differ- 

^ Nevertheless the behaviour of an electric charge so closely resembles 
that of a fluid contained in a vessel or pipe that the early nomenclature is 
still retained; for example, “the electric fluid," “an electric current,” 
“ the flow of electricity," etc., are e.xpressions which are frequently made 
use of. 
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ence between a clock-spring when wound up and when run 
down {i.e, when in a condition of strain and when free from 
strain), or to a piece of elastic thread when stretched and when 
unstretched (/.<?. when in a state of tension and when free from 
tension),- — the difference is simply one of physical condition. 
But the question still remains unanswered as to where the seat 
of the tension or strain exists, and we may not assume that this 
is necessarily confined within the limits of the electrified body. 

Two theories were propounded many years ago which may 
be briefly referred to at this stage. Symmer suggested a two- 
jiuid theory ; according to it there are two electric fluids of 
opposite kind present in all substances, and the process of 
electrification involves the complete or partial withdrawal of 
one of them. At a later date Franklin suggested the more 
feasible one-Jiitid theory^ according to which all unelectrified 
bodies contain a normal amount of an electric fluid ; the process 
of electrification involves either an increase or a diminution of 
the amount of the electric fluid present. In the former case 
the body was said to be positively charged, and in the latter 
case ?ieyativcly chai'ged. Though there is now reason to believe 
that a so-called negatively-charged body contains more electricity 
than a positively charged body, yet the nomenclature adopted 
by Franklin is still used, and the accepted rules arc that — 

(i.) Glass rubbed with silk is positively charged. 

(ii.) Vulcanite {or resin) rubbed with fur {or flanneT) is 
negatively charged. 

(hi.) Bodies with like charges repel^ and bodies with unlike 
charges attract each other. 

(iv.) A charged body always attracts an uncharged body. 

Do all Substances become electrified when rubbed ? 
— Dr. Gilbert found that many substances, chiefly metals, did 
not show any signs of electrification when rubbed —these he 
called non -electrics. We now know that this depends upon^ 
the manner in which the c.xpcriment is conducted. 

Expt. 71. — Suspend an electrified rod of vulcanite. 

Bring near to it a second electrified rod of vulcanite. 

Notice the repulsion. Pass the latter rod gen/lV through 

^ If vulcanite is passed vi^orous/y through the hand it is — ly 
electrified. 
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the hand, taking care that all parts of the rod are 
touched by the hand, and again test. Attraction shows 
that the rod is no longer charged. Again electrify the 
rod, and afterwards pass it through the flame of a 
Bunsen-burner. Attraction shows that the rod has lost 
its charge in this case also. 

The hand and the flame have conditcted the charge away — 
they are what are called conductors. The vulcanite can- 



Fig. gi. — A group of simple appliances for electrostatic experiments. 

not be a conductor, since the charge on one portion of its 
surface is not conveyed to the end which is held in the hand 
of the experimenter. 

Vulcanite, and all substances which Dr. Gilbert called 
electrics^ are now termed insulators. If metals are con- 
ductors of electricity, then it is readily seen why Dr. Gilbert 
was unable to detect any electrification on the surface of a 
metal which had been rubbed ; any charge which the metal 
rnight acquire would be immediately conducted away by the 
hand in which the metal is held. 

Expt. 72. — Fix a short brass or iron tube (or a square 
piece of sheet brass or zinc) on the end of a rod of 
vulcanite, or on the end of a piece of clean dry glass- 
tubing (Fig. 91). Flick the metal with a piece of fur. 

K 
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Bring- it near to a suspended rod of vulcanite which 
has been electrified. Notice the repulsion. The metal 
is evidently charged negatively. A flat sheet of metal 
will show the same effect. 

In this experiment the charge on the metal cannot escape, 
because it is separated from the hand by a length of insulating 
material. The metal is said to be insulated. By adopting 
similar precautions we can prove that almost all substances 
become electrified when rubbed with suitable material. 

Electroscopes. — Any appliance which is so devised that, 
by means of it, it becomes possible to detect very weak electrical 
forces, and also small changes in 
the magnitude of such forces, is 
termed an electroscope. Any of 
the following types may be used 
for the purpose of these experi- 
ments : — 

(i.) Pith-ball Electroscope (Fig. 
92). — Fix a rod of vulcanite to 
a flat cork (or other suitable base) 
so that the rod stands in a vertical 
position. Bend the end of a piece 
of stout copper wire (5 cms. long) 
into a hook, and fasten it to the 
top of, and at right angles to, the 
rod. From the hook suspend a 
gilt pith-ball by means of very 
thin copper wire (or cotton 
Fig. q2.— Pith-ball electroscope. thread). It is important to avoid 

sharp metal points, a difficulty 
which is readily overcome by fusing the ends of the wires 
in a blowpipe flame or by covering the ends with a spot of 
sealing-wax or soft wax. A pith-ball is satisfactorily gilded” 
by moistening the surface with weak gum and, when nearly 
dry, rolling it in gold-leaf (Dutch-metal leaf or aluminium 
leaf are satisfactory substitutes for gold-leaf). 

(ii.) Aluminium-disc Elect 7 'oscope (Fig. 93), — A larger 
electroscope than the pith-ball type is often desirable for class 
purposes. The following arrangement is convenient in such 
cases. Pivot a piece of copper wire (about 20 cms. long) on a 
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vertical needle, in the same manner as represented in Fig. 4. 
Attach to one end of the wire a disc of aluminium (or thin 
copper) foil, about 5 cms. diameter, and so that the disc is 




Fig. 93. — Aluminium-disc electroscope. 


vertical. In order that the electroscope may take up a definite 
position of rest, fix a magnetised needle (with blunt point) to 
the other end of the wire, and adjust 
its position so that it acts as a counter- 
poise to the metal disc. The magnetised 
needle may be made to take up a definite 
position by placing a bar-magnet in a 
convenient position near to it. 

(iii.) The Gold-leaf Electroscope (Fig. 
p^).i — This is a practical application of 
the fact that two similarly charged bodies 
repel one another. A simple form of 
this instrument may be made from a 
cigar -box (Fig. 95) in the following 
manner : — Remove the top and bottom 
of the box and cut away the lower 94.-G0ld.leaf electro- 

portions so as to leave sufficient open scope for l.aatem work, 
space for glass plates (photographic 

-?j-plate is a convenient size) to slide in shallow grooves cut in 
the wood-work. Changes in the divergence of the leaves are 

^ Fig. 94 represents a simple electroscope suitable for lantern projection. 
A is a block of wood (7x4x4 cms.), BC is a strip of zinc (15x2 cms.) 
bent twice at right angles. The thick wire carrying the leaves is attached 
to a horizontal glass-rod, G, by means of sealing-wax. The dotted lines 
indicate two plates of glass fixed at the front and back of the wooden block 
to protect the leaves from air-currents. 
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observed readily if the glass surface is divided into squares by 
means of ink-lines, which are ruled readily in Indian ink on 
the dry gelatine film of a photographic plate from which the 
silver salts have been removed by solution in sodium hypo- 
sulphite : another method of observing the divergence is 
suggested in footnote 2, p. 133, and represented in Fig. 129, 
p. 189. Cover the internal wood surface of the box with tin- 



Fic. 95. — A simple type of golcl-Icaf elcctioscope, 

foil. The insulation is obtained most satisfactorily by means 
of a plug of sulphur, supported in a circular hole bored in the 
end of the box. The plug" is prepared by pouring liquid 
sulphur, w’hich has been melted s/cm/y^ so as to form a clear 
straw-coloured liquid, into a paper mould made by wrapping 
paper round a coi'k ; the lower end of the mould is closed by 
a disc of cork pierced by a straight piece of thick copper wire 
which will subsequently carry the gold leaves (the ])aper 
should be cut away from the plug while it is still hot). T'apcr 
off the lower end of the wire to a fiat edge, and solder to it a 
rectangular strip of sheet copper. Support a metal disc on 
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the upper end of the wire by means of a short length of metal 
tube, or a closely wound spiral of wire, soldered to the centre of 
the disc. The leaves may be of gold or of Dutch-metal leaf — 
the former is more efficient but more difficult to handle. Cut two 
leaves, each about 5 cms. x i cm., and attach to the lower end 
of the wire which has been previously moistened with a mznwiimi 
quantity of weak gum, and allowed to become nearly dry.^ 

The theory involved in the details of construction will be 
discussed in Chapter XII. 

When a charge of electricity is given to the metal disc, the 
leaves will diverge, and the degree of divergence depends upon 
the magnitude of the charge. ^ 

Classification of Substances as Conductors or 
Insulators. — We have found that the hand, a flame, and 
metals are conductors, and that sealing-wax and glass are 
insulators. With the aid of an electroscope the conducting or 
insulating power of any substance can be roughly determined. 
With a gilt pith -ball electroscope the following experiments 
may be made : — 

Expt. 73. — (i.) Rub a piece of vulcanite with flannel. 
Bring it near to the pith-ball. The ball is attracted, and 
after rolling about slightly over the surface of the vulcanite 
acquires a charge of the same kind and is consequently 
repelled. Touch the thick copper wire with the finger. The 
ball is at once attracted again by the vulcanite, showing 
that the charge on the ball has escaped through the finger. 

(ii.) Repeat the experiment, but touch the thick wire 
with a strip of paper instead of with the finger. The 
repulsion slowly diminishes and the pith-ball is finally 
attracted once more. This shows that the charge has 
slowly escaped through the paper. 

^ Dutch-metal (or gold) leaf may be cut in the following way : — Spread 
a sheet of thin well-glazed paper on a sheet of glass, and lay the metal leaf 
on the paper. Cover the leaf, except a strip of the width required, with a 
second sheet of paper. Cut off the strip by means of a sharp razor, using 
the edge of the paper as a guide. Practice is required in order to determine 
the requisite pressure and speed of cutting, since both of these must be 
observed in order to prevent the leaf from tearing. 

^ The degree of divergence may be more accurately observed by placing 
a circular scale just behind the leaves. The paper-scale is mounted on 
sheet-mica, and is supported vertically on a rod of sealing-wax. 



134 


PRELIMINARY EXPERIMENTS 


PART II 


(iii.) Repeat the experiment, using dry glass instead of 
paper. The repulsion remains unaltered, showing that 
the glass is a non-conductor {i.c, an insulator). 

Repeat the experiment with the following substances : 
— Any metal wire, cotton thread, charcoal, wood, stone, 
wet glass, dry silk thread, wet silk thread, sulphur, 
shellac, wool, paraffin-wax, silk thread dipped in oil, 
vulcanite, rod or tube of fused silica, etc. etc. 

In this manner the following classification may be ob- 
tained — 

Conductors — metals, the body, water, charcoal. 

Partial Conductors — paper, cotton, wood, stone. 

Insulators — glass, sealing-wax, shellac, vulcanite, silk, wool, 
sulphur, oils, fused silica. 

It is evident from these results that if a conductor is required 
to retain a charge of electricity it is necessary to insulate it on 
a support of dry glass, sealing-wax, or vulcanite (or to suspend 
it by silk threads). In some cases the insulator forms a con- 
venient handle by which the conductor may be conveyed to 
different positions. 

Effects of Moisture. — An important result to notice is 
the effect of even a thin film of moisture on the surface of any 
material which, if dry, would be an insulator. It is absolutely 
necessary that all apparatus used in electrostatic experiments 
should be quite dry ; and it is for this reason that a damp 
atmosphere often renders it difficult to successfully carry out 
such experiments. Glass is particularly sensitive to a moist 
air. This liability is lessened by previously boiling the glass 
in water so as to remove any alkali from the surface (alkali 
tends to absorb moisture). A safer precaution is to paint the 
surface of any glass insulating supports with shellac varnish or 
with a solution of sealing-wax dissolved in methylated spirit. 

These experiments also explain the wide difference in the 
results obtained by touching with the hand a charged conductor 
and a charged insulator. In the former case not only is the 
charge removed from the point actually touched, but the charge 
from distant points of the conductor are conveyed by the con- 
ductor itself to the point where the finger is touching. In the 
case of a charged insulator the charge is only conveyed away 
from the locality actually touched ; the charge at a neighbour- 
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ing point is separated from the finger by insulating material, 
and consequently remains undisturbed. Thus, if an electrified 
rod of vulcanite is to be discharged by means of the hand, 
it must be drawn carefully through the closed fingers so that 
all points of the surface may thereby be brought into contact 
with the hand. 

Both kinds of Electrification are produced simul- 
taneously. — When glass is rubbed with fur it acquires a 
negative charge of electricity. Does the fur acquire any charge 
in the process ? and if so, is it positive or negative ? To answer 
this question by experiment it will be necessary to carefully 
insulate the fur. This may be done by attaching a disc of 
cardboard to the end of a rod of vulcanite and covering the 
disc with a piece of fur of about the same size. Mount a small 
square of glass, or of fused silica, on a similar handle (Fig. 91). 

Expt. 74. — Holding the glass and the fur by the handles, 
rub them together. Keeping them in contact, bring 
them near to an uncharged pith-ball. No effect is seen. 
When the fur is removed, the glass alone attracts the 
pith-ball. The fur alone will also attract it. Both the 
glass and the fur are evidently charged ; but since they 
have no effect when together, the charge on the fur 
must be equal and opposite to the negative charge on 
the glass. To verify that the fur is positively charged, 
bring it near to a pith-ball charged positively and notice 
the repulsion. 

Expt. 75. — Another method of proving the same result Is 
to place a loose-fitting flannel cap, which is attached to 
one end of a long silk thread, over the end of a vulcanite 
rod (Fig. gi). Twist the thread round the cap and pull 
the thread so as to make the cap rotate round the end 
of the rod. As long as the cap remains on the rod no 
electrification can be detected. If the cap is removed 
(without touching it with the hand, but carefully support- 
ing it by means of the silk thread) both will be found to 
be electrified. 

These experiments prove that when electrification is 
produced by friction the two kinds of electricity are 
produced in equal quantity. 

Frictional Order. — A pith -ball charged negatively is 
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attracted by a positively- charged body, and also by an un- 
charged body. Hence, when attraction takes place it is not a 
conclusive proof that the body is charged in any way. If the 
pith-ball is charged, repulsion is the only sure test of electri- 
fication. For example, if we observe that a ~ ly charged pith- 
ball is attracted, it is not safe to conclude that the body is 
charged -fly. It is advisable, in such a case, to discharge 
the pith-ball and re-charge it -fly by means of a glass rod 
rubbed with silk ; repulsion will then conclusively prove that 
the body is charged -f ly. By adopting this precaution, 
various substances may be tabulated in such a sequence that 
any one of them will be charged -f ly when rubbed with one 
lower on the list, but - ly when rubbed with one higher on 
the list.l 

Frictional order: — Silica, fur, fa juiel, shellac, scaling-svax, 
glass, paper, silk, rough glass, the lumd, metals, sulphur, ebonite. 

Glass electrified by rubbing with Glass. Expt. 76. 
— Two smooth piecesof flat glass do not become electrified 
when rubbed together. But if smooth glass is rubbed 
with a piece of matt glass it is found that the former is 
-f ly charged and the latter - ly charged. 

This result suggests that electrification docs not necessarily 
depend upon any chemical difference in the substances used, 
but that a physical difference in the surfaces of the substances 
is sufficient to allow electrification to be produced. 

Chief Points of Chapter X 

Preliminary. — Many .substances, when rubbed with a suilalile 
material, are found to possess tlie }>ropcrly of attracting liglit oljjccl.s. 
They are then said to be elcdrifu’d. 

^ Considerable care is required in using glass plates or rods in these 
experiments. Without any evident reason it will soaietinies appinr tlmt 
the glass is -ly charged although rubbed with silk. If both ha\'e been 
dried in the sand-oven, the glass will be -1-ly electrified ; but if the glass 
has been dried by passing it several times through a liunsen-llame it will 
be charged -ly when rubbed witli silk. It has been suggested tliat this 
is due to the flame removing the thin film of air condensed on the surface 
of the glass. If the roils nre allowed to Ix’conie ijnite eoUi and thmi 
warmed again in the drying oi'eu, they will reeo\er their normal propeity 
of giving -fve electrification. Fused silica behaves in (‘xactly the same 
manner. 
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The electrification of amber by this method was known to the 
ancient Greeks. The word “ electricity ” is derived from the Greek 
word for ‘‘amber.” An electrified body exerts on neighbouring 
bodies. 

Electrical Forces are Mutual. — An unelectrified body exerts force 
on an electrified body. 

Electrical Attraction and Repulsion. — When an electrified body 
exerts force on another electrified body sometimes an attraciion and 
sometimes a repulsion is observed. 

Nature of Electricity. — Electricity is not a fluid, nor does it 
possess the character of 7natter in any form. Electrification is rather a 
physical cojidition w'hich may be assumed by a body in the same 
manner that a piece of elastic assumes a condition of tension when it is 
stretched. 

Theories of Electricity. — (i.) Symmeds Tivo -fluid Theory^ 
according to which there are two electric “fluids,” of opposite kind, 
present in equal quantities in all substances. 

(ii.) Franklbis O^ie-fluid Theory^ according to which all substances 
contain a normal amount of “ electricity.” The process of electrifica- 
tion involves either an increase or a diminution of the electrical charge 
present. These conditions are distinguished by the terms positive and 
negative. 

Fundamental Rules. — (i.) Glass rtchbed with silk is positively 
charged. 

(ii.) Vttlca7iite 7'ubbed with fur {or f 0727101) is 7iegatively 
charged. 

(iii.) Bodies with like cha7'ges 7'epel^ and bodies with tntlike chcnges 
attract^ each other. 

(iv.) A chaiged body always attracts a7i tmchaiged body. 

An Electroscope is an appliance for detecting electrical forces, and 
also small changes in the magnitude of such forces. 

Conductors and Insulators. — All substances which allow an 
electrical charge to extend freely through their mass are termed Co7i- 
duciors — e.g. metals, the body, water, etc. 

All substances which do not' allow the charge to extend freely are 
termed Instdatoi's — e.g. glass, sealing-wax, paraffin-wax, ebonite, silk, 
oils, etc. 

Some bodies occupy an intermediate position, and are termed Partial 
Co 7 lduct 07 -S. 

Both kinds of electrification are produced simultaneously and 
in equal quantity when two substances are rubbed together. 

Frictional Order. — Substances may be arranged in the form of a 
list, such that any one of them will be charged -f ly when rubbed with 
one lower on the list, but — ly when rubbed with one higher on the 
list. 
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Questions on Chapter X 

1. How would you prove that an electrifiecl body is attracted by an 
unelectrihed body ? 

2. Explain briefly the iwo-Jlnid and one-Jluid thcoiies of electricity, 
and state how the terms positive and negative are applied in each 
theory. 

3. What evidence is there that electricity is not a fluid ? Wdiat does 
electricity more closely resemble ? 

4. Plow would you show that a brass rod is capable of being elec- 
trified ? '.‘-Explain why on rubbing a brass rod and a glass rod the latter 
only ordinarily appears to be electrified by the friction. 

5. State the disadvantages of glass as an insulator, and describe the 
best means of overcoming them. 

6. Describe a simple experiment to show that a piece of glass, which 
is an insulator when cold, will conduct a current when heated suffi- 
ciently. 

7. Plow would you prove to a class that there are two kinds of 
electricity ? 

8. A rod of sealing-wax is rubbed with dry flannel. An uncharged 
pith-ball suspended by a silk thread is attracted when the .sealing-wax 
is brought near to it, but is unaficcted by the flannel. Would you con- 
clude from this experiment that when sealing-wax and flannel are 
rubbed together the sealing-wax only is electrified ? Give reasons for 
your answer, 

9. How would you prove that glass and silk when rubbed tcjgether 
are equally and oppositely charged ? 

10. Desciibe any experiment by which you could prove that when 
elect! ification of one kind is produced, the opposite kind is also ]iro- 
duced in equal quantity. 

1 1. You are given a stick of sealing-wax, .some dry paper, and some 
silk thread. How would you .seek to determine the nature of the 
electrification which is developed on dry paper when rubbed vith the 
finger-nails ? 

12. If you want to find out whether a body is electrified by seeing 
how it acts on an electrified pith-ball hung by a silk threail, wh}' is it a 
.surer test that the body is electrified if it repels the pith-ball than if it 
attracts it ? 

13. An electrified pith-ball is hung by a cotton thread attached to a 
glass rod. An clcctrifie<I rod of sealing-wax is found to tepel the pith- 
ball at first, but the repulsion gradually diminishes, and finally becomes 
an attraction. What conclusion would you arrive at from this? 

14. What is the simple.st method of removing conqfietely the charge 
from an electrified rod of sealing-wax? What precaution must be 
adopted if the hand is used for the purpose ? 
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15. How would you transfer a charge from an electrified rod of 
sealing-wax to a gold-leaf electroscope, sufficient to produce a consider- 
able divergence of the leaves ? 

16. Under what conditions is it possible to obtain a negative charge 
on a glass rod when rubbed with silk ? Describe the experiment. 
How must you proceed in order to ensure a positive charge on the 
glass ? 

17. How would you charge a gold-leaf electroscope negatively by 
means of a piece of fur only ? 

18. A charged gold-leaf electroscope is required for a certain experi- 
ment, and the divergence of the leaves is observed to be greater than is 
required. How would you remove a portion of the charge without 
completely discharging the instrument ? 



CHAPTER XI 

ELECTRIC FIELDS OF FORCE 

Ap;paratus required . — Appliance for determining the direction 
of force in an electric field. Insulated metal spheres. 
Wimshurst machine. 

In our experiments on Magnetism we have found that like 
poles repel and that unlike poles attract, that the space 
separating such poles is a field of force through which mag- 
netic forces are acting in definite directions (called the lines of 
force), and that if we conceive these lines of force to have pro- 
perties similar to those possessed by stretched elastic threads 
(viz. tending to contract lengthwise and to expand crosswise), 
it is possible to explain all the experimental phenomena 
observed. 

In Chapter X. we have found that bodies with like electric 
charges repel, and with U7iUke charges attract, one another. 
Moreover, these forces are transmitted through the intervening 
space in a similar manner to that observed in magnetic pheno- 
mena. These analogous points suggest that an electrified body 
must be surrounded by an electric field, at all points of which 
it is capable of exerting electric force upon other bodies. If 
such a field of force exists, then the force at any point in it 
must necessarily act in a definite direction, which may be 
regarded as the direction of the electric lines of force at that 
point. 

An Electric Field may consequently be composed of electric 
lines of force., in the same way that a magnetic field is composed 
of magnetic lines of force. If we give to the former those 
physical properties which have already been given to the latter, 
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we obtain a clear mental conception of lines of electric force 
traversing the space between oppositely charged bodies, and, 
in their tendency to contract, causing the two bodies to 
approach* 

In forming such a hypothesis we transfer our thoughts from 
the charged bodies to the free space 
separating the bodies, and in so doing 
we adopt the methods of reasoning 
which were suggested by Faraday, 
who first drew attention to the import- 
ant part which the medium plays in 
all electrical phenomena. 

Unfortunately we are unable to 
experimentally map out a field of 
electric force either so satisfactorily 
or so simply as in the case of a magnetic field. Nevertheless, 
it is possible to construct a simple appliance which, when 
placed at different points in an electric field, will indicate the 

direction of the 
force at each point. 
In this manner, not 
only is the existence 
of the forces verified, 
but their general dis- 
tribution in space is 
also proved to be 
comparable to that 
which has been 
found to exist in 
magnetic fields of 
force. One of the 
following devices 
may be used : — 

(i,) Pierce a small 

Fic.. 97- — .\pparatui. described on p. 142. circular hole 

through a 

piece of thin paper (3 cms. x 0.5 cm.). Pass a piece of 
drawn-out glass tubing through the hole, and allow the 
paper to be quite free to move (Fig. 96). Using the 
glass tube as a handle, bring the paper near to an 
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electrified body. The paper will point in the direction in 
which the electric forces are acting. 

(ii.) Fix two long pieces of glass rod in a cork, and bend 
the rods so that they form a large V. Bore a hole in a 
small cork, so that it will fit tightly on the end of one 
of the rods. Attach one end of a silk fibre to this cork, 
and the other end to the free end of the other glass rod. 
The fibre may be tightened by rotating the small cork. 
To the centre of the fibre attach another short fibre 
(about 2 cms, long), which carries the pomter. The 
pointer consists of a piece of fine copper wire (5 cms, 
long), on the ends of which are threaded two small gilt 
pith-balls. Adjust the pith-balls so that the pointer 
hangs freely in a horizontal position (Fig. 97). 
Whichever appliance is used, it will be found that the 
electric forces due to 
bodies charged directly 
by friction are weak, and 
far more satisfactory results 
will be obtained by using 
large insulated brass spheres 
which are connected by 
wires to a Wimshurst 
machine. 

Expt. 77. — Charge a 
single insulated sphere, 
ancl hold the pointer in 
various positions in the 
surrounding space. Ob- 
Fig. gS. — Lines of force due to a positively- SerVC hoW the lines of 

chargeJ appear to radiate 

outwards from all points of the sphere’s surface (Fig. 98). 
Expt. 78.^ — Place two insulated brass spheres about 50 
cms. apart, and charge them oppositely by connecting 
them to the poles of a Wimshurst machine. Verify the 
general distribution of the lines of force as shown by 
dotted lines in Fig. 99. 

If the lines of force have properties similar to those pos- 
sessed by stretched elastic threads, we at once see why oppo- 
sitely charged bodies attract. 
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Expt. 79. — Connect the two spheres to the same pole of 




Fig, ioo. — Lines of force due to two positively-charged spheres. 


the Wimshurst machine, so as to give them like electric 
charges. It is advisable to connect the other pole of 
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the Wimshurst machine to the nearest gas- or water-pipe. 
Verify the distribution of the lines of force shown by 
dotted lines in Fig. loo. 

The tension of the liries of force in Fig. loo will tend to pull 
the bodies apart, thus producing the familiar phenomenon of 
reptdsio7i j we also see that the lines of force do 72ot pass from 
a charged body to a si})iila7'ly charged body. 

Strength of Electric Field and Properties of Lines 
of Force, — The more strongly the spheres are charged the 
stronger is the electric field which is generated ; this is usually 
regarded as being due to an increase in the number of lines of 
force passing through the field, and is generally so indicated 
in diagrams. 

We have already proved that -1-ve and - ve electrifications 
arc always generated in ecpial cpiantities, hence there will be 
the same number of lines leaving the + ly charged surface as 
there are lines entering the —ly charged surface. No line of 
force will end blindly in space — at opposite ends of it will 
always be found equal quantities of opposite electrification, 
whatever its path may be. (This is exactly analogous to the 
magnetic lines of force between unlike magnetic poles.) 

If an insulated sphere, charged +ly, is placed in the centre 
of an empty room, the lines of force pass from the sphere in 
all directions towards the ceiling, walls, and floor of the room. 
We ought to find the equivalent — vc charge on the latter 
surface, //"the lines of force end there. If these boundary sur- 
faces are unable to supply the requisite — ve charge, then the 
lines of force must necessarily proceed onwards and outwards 
until they do meet with a source of the — ve charge. This 
question will be experimentally investigated in the following 
chapter. 

The dlrcctio7t of the force in a magnetic field is arbitrarily 
chosen as that in which a single north-seek iiig- pole would tend 
to move. In a7t electric field of force the direction of the fo7'ce 
is arbitra7dly chose7i as that m •which a ly cha7'ged body will 
tcfid to move. Hence the lines of electric force may be 
regarded as running fro7}i a + ly charged body towai-ds a - ly 
charged body. 

Electric Potential. — In Fig. loi let A represent an 
insulated sphere 4- ly charged. Let represent a small -f ly 
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charged sphere (which we will term a tcst-chargc) w4iich is free 
to move. The force of repulsion due to A will tend to 
make the test-charge move further away from A. In order to 
move the test-charge from to z/,, work must he done on it, 
so that its j)ote77iial energy is greater at than at In the 

same way its potential energy is greater at than at and 
it is greatest at a point as near as possible to the surface of A, 
The space round A is a region of electric potential which 


A 



Fig. ioi. — The potential is greater at z'y than at vi. 


gradually diminishes in value as the distance from A increases, 
and we say that the electric pote7itial is greater at than 
at 

No force will act on the test-charge when it is removed to 
a great distance from A, consequently the potential at a great 
distance from A is ze7‘o. 

No electric forces originate from uncharged bodies, hence 
the region round them (in the absence of any charged bodies) 
will be one of zero electric potential. An uncharged body has 
zero potential, and since the earth may be regarded as a huge 
spherical conductor which is uncharged, it is usual in experi- 
mental work to take the potential of the earth as our zero or 
starting-point for measurement. (In the same way gravita- 
tional potential is measured from sea-level.) 

If the charge on A is — ve, then work must be done in 
witlidraivi7ig the positive test-charge from the neighbourhood 
of A, and most work would be required if the test-charge is 
almost touching A. H ence the potential is least at points 7iear 
to A, and gradually increases as the distance increases, and 
finally becomes zero at a great distance from A. The field 
round A in this case is said to be one of Negative Pote7itial. 

From this reasoning we derive the following important 
rules : — (i.) A positively-charged body tends to travel 
L 
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from a point of higher electric potential to a point 
of lower electric potential. 

(ii.) Since the force acting on the body is in the 
direction of the lines of force at the point where 
the body is situated, the movement, if any, will 
trace out the path of the lines of force. 

(iii.) The forces acting on a negatively - charged 
body are opposite in direction to those acting on a 
positively-charged body. Hence a negatively-charged 
body tends to travel from points of lower potential 
to points of higher potential. 

Equipotential Surfaces. — No work is required in order 
to move our test-charge in a direction at right angles to the 
lines of force at the point where 
it is situated. In so doing we 
should therefore be tracing out 
a surface of equal pofe?iiiaL 
In the case of a single 
charged sphere, since the lines 
of force radiate outwards from 
the surface of the sphere, 
the cquipotential surfaces will 
be spherical surhices concentric 
with the sphere. Fig. 1 02 repre- 
sents a cross-section through 

F,c. io=.-Eq„ipote„thI surface, round 1'’= 'I® electric field ; 

a chrirjicd sphurc. the tliick lines represent the 

cquipotential surfaces. 

Fig. 103 represents the cquipotential surfaces in the electric 
field due to two spheres charged to an equal degree with 
opposite electrifications. The potential at a is + ve, and as the 
test" charge moves from a towards b the potential gradually 
falls. If the charges on the spheres are equal and of oiiposite 
kind, points of zero potential will be mid-way between them (at c\ 
Mow of Electricity. — In the previous sections wc have 
imagined the positive test-charge to lie conveyed from point 
to point on a small insulated sphere surrounded by a non- 
conducting medium — air. Supposing that the small sphere 

containing the test-charge is rigidly fixed at some point in an 
electric field of force, and that a mass of conducting material 
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(such as a metal) is brought into contact -with the small sphere, 
then the cha7’ge will leave it if, by so doing, it can move into 
a region of lower potential. 

The charge would subse- 
quently be found on that por- 
tion of the conductor which 
is situated in the region of 
lowest potential.! 

Electricity is said to 
flow in a conductor from 
points of b.ig'lier to points 
of lower potential. — 

Different ce of fotential and 
flow of electricity are allied 
to one another as cause and 
effect^ but the cause will only 
produce the effect when the 
medium is a conductor. No 
current can traverse a perfect 
insulator although there may 
be a difference of potential 
within it ; such a medium is 
only thrown into a condition 
of strain. 

If a + ly charged insulated 
conductor is connected to 
earth by means of a wire the 
charge rapidly “flows ” along 
the wire, and the conductor 
is rapidly discharged. The 
field of force originally surrounding the conductor has dis- 
appeared — in fact, each portion of the charge in its passage 
along the wire has been accompanied by the lines of force 
associated with it. The so-called “ flow of electricity ” may 
therefore be regarded as a disappearance of lines of force, with 
the result that the surrounding medium is relieved from its 
condition of strain. 



Fig. 103. — Equipotential surfaces due to 
two oppositely-charged spheres. 


^ It will be remembered that, in the case of a field of magnetic force, a 
magnetic pole cannot flow independently of the body in which it exists — 
the magnetic pole can only be conveyed by the motion of the body itself. 
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It might be said that the charge from a — ly charged sphere 
would flow along the wire to earth, and pass from a lo’ivet' to a 
higher potential, thus disobeying the conclusion arrived at 
above. But this would be contrary to the one-fluid theoiy, and 
it is more correct to say that electricity flows along the wire 
from the earth to the body until the conductor is -raised to zero 
potential. This may be expressed in another manner by say- 
ing that the transference of a — ve cha,rge in one direction is 
the same thing as the transference of a -f-ve charge in the 
opposite direction. 

Simple Method of Estimating Potential in a Field 
of Force. — The student may with advantage consider the 
following cases, which suggest a simple method of in\'cstigating 
the potential in an electric field. Imagine a small insulated 
sphere — 

(i.) Situated at a great distance fro77i all cha7ged bodies . — 
Its potential is zero. If it is now connected to the earth by 
means of a metal wire, no electricity will flow along the wire, 
because the sphere and the earth are both at zero potential. 

(ii.) Situated at the poi7it a 103). — It now has -L-vc 
potential. If connected to earth by a wire, electricity will flow 
from the sphere to the earth, because the sphere is at a highcr 
potcntial than the earth, and electricity will continue to flow 
until the sphere’s potential is reduced to zero. 

(iii.) Situated at — Its potential will be less than at 

but still -l-ve. Hence electricity will flow along the wire, 
but not so much as when at 

(iv.) Situated at — Its potential will be zero. Hence 

no electricity will flow along the wire. 

(v.) Situated to the left of q. — Its potential is — ve. Hence 
electricity will flow from the earth to the sphere. 

(vi.) Situated still farther to the left of potential is 

still more — vc. Hence more electricity will flow from the 
earth to the sphere than in case (v.). 

These results may be summed up in the following rules ; — 

If electricity flows from the sphere to the earth, 
vthen the sphere is in a region of 4-ve potential. 

^'.o If electricity flows from the earth to the sphere, 
ihhen the sphere is in a region of — ve potential. 
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If no electricity flows, then the sphere is in a 
region of zero potential. 

If the connecting wire is removed in each case without dis- 
turbing the sphere, and the sphere itself is then removed to a 
distance, the following charges would be found on it — (i.) 
Uncharged, (ii.) and (hi.) Negatwe, (iv.) Uncharged, (v.) and 
(vi.) Positive. These results might be experimentally verified 
by touching the small sphere with the finger instead of with a 
wire, since the body is also a conductor. We say that the 
above charges on the small sphere ha\^e been acquired by 
Electric Induction, a subject which is fully discussed in the 
next chapter. 

Hydrostatic and Thermal Analogies. — In some text- 
books the student is initiated into the ideas of electric potential 
by means of analogies, which, although unsound in principle, 
are often useful in imparting the main facts of the subject. 
The following analogies are often adopted : — 

(i.) The difference of potential between two charged bodies 
is compared to the difference of level of water in two cisterns, 
which are connected by means of a narrow pipe. The differ- 
ence of level is generally termed the head of water. The head 
of water causes water to flow along the connecting-pipe from 
the higher to the lower level, and the flow ceases as soon as 
the level of water is the same in both cisterns. The equality 
of level in the cisterns is analogous to the equality of potential 
of two charged conductors which are connected by means of a 
wire. 

(ii.) Heat will pass from a hot body to a cold body placed 
in contact with one another. The flow of heat depends 
upon the difference of temperature, and will cease when both 
bodies are at the same temperature. The difference of tem- 
perature is analogous to a difference of potential between two 
charged conductors. 

These analogies particularly fail in not drawing special 
attention to the field of force between the charged bodies; 
moreover, the analogies only hold good up to a certain point. 
The student is consequently recommended not to place too 
much reliance upon what may, at first sight, be an easy means 
of understanding the principles of potential. 
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The Law of Inverse Squares. — The force which 
an electrified body exerts on neighbouring bodies 
(charged or uncharged) varies inversely as the 
square of the distance. The student will hav^e observed 
in his preliminary experiments that the magnitude of electric 
forces depends upon the distance of the bodies apart. This result 
would be anticipated if we consider that the forces are due to 
the lines of force traversing the medium between the two 
bodies ] the more distant the body acted upon, the fewer lines 
of force from the charged body will it intercept, and therefore 
the weaker is the force. This suggests a resemblance to the 
law of Inverse Squares which has been experimentally proved 
to hold good in the case of Magnetic Forces. 

Coulomb has roughly proved, by means of the Torsion 
Balance^ that electric forces do obey the law of Inverse Squares. 
(For a description of the apparatus the student is referred to 
advanced text-books.^) A more satisfactory proof will be 
given later. 

Potential Diagrams of Electric Fields of Force. — 
A simple method of representing the distribution of potential 
in an electric field is shown in the following diagrams. The 
horizontal line represents zero potential, and at various points 
perpendicular lines are drawn, the lengths of which represent 
the magnitudes of the potential at the point from which the line 
is drawn. Positive potential is represented by lines above the 
zero line, and negative potential by lines below the zero line. 

Fig. 104 (i.) represents the potential diagram for the field 
round a single + ly charged sphere. ABC is the zero-potential 
line. A«, B(5, Oc represent the potentials at the points A, B, 
and O respectively. The slope of the line abc represents the 
gradual fall of potential as the distance from the sphere 
increases. 

Fig. 104 (ii.) represents the potential diagram for two equally 
and oppositely charged spheres. Aa represents the 4- ve 
potential at A, and Cc represents the - ve potential at O. 
The slope of the line ad'Bb'c represents the gradual change 
from -f ve potential at A to zero potential at B, ;ind - ve 
potential at C. The potential at D is the same as at A, 

^ Magnetism and Electricity for Students, H. E. Ihulley, p. 
127. 
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because both points are situated on the surface of the same 
conductor. (This will be proved experimentally in the next 
chapter.) Beyond B the potential will gradually diminish to 
zero if no other charged conductors are in the field. At D' 



the potential is the same as at O ; at points more distant than 
D' the potential is still — ve, but greater than at B'. The 
gradual increase of the potential to a zero value is represented 
by the slope-line de . 

Fig. 1 04 (iii.) represents the potential diagram for two equally 
and similarly charged spheres. N.B. — In all pote7ttial dia- 
grams m this book^ the lines indicating fall of potential should 
strictly be curved^ atid not straight. The latter forin is 07ily 
adopted for simplicity. 

Chief Points of Chapter XI 

An Electric Field is composed of electric lines of force (cf. a 
magnet field and magnetic lines of force). 

The space between two oppositely charged bodies is traversed by 
lines of force which tend to draw the bodies together. At opposite 
ends of each line, equivalent quantities of + ve and - ve electrification 
are found. 

The Magnitude of Electric Forces may be regarded as depending 
upon the number of lines of force called into play. 
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The direction of the force is aibitrarily chosen as that in which a 
+ ly charged body will tend to move. 

Electric Potential. — The potential at any point of an electric 
field of force is measured by the poietitial energy which a small + ve 
test-charge would have if jDlaced at that point. 

The space surrounding a -fly charged body is one of Positive 
Potential, which diminishes as the distance from the body incicascs. 

The space surrounding a ~ ly charged body is one of Negative 
Potential, which numerically increases as the distance from the body 
increases, and is numerically less than zero at all points. 

Eotuipotential Surfaces are surfaces along which a test-charge 
may be conveyed without the expenditure of any work on, or by, the 
test-charge. 

Flow of Electricity. — Electricity is said to flow in a conductor 
from points of higher to points of lower potential. 

Flow of electricity and potential-difference are allied to one another 
as effect and cause. But the effect is only observed when the medium 
is a conductor. 

Flow of electricity from a charged body is accompanied by the 
disappeaiance of lines of force, and the former may be regarded as the 
phenomenon which is indicative of the latter. 

The flow of so-called “ negative electricity ” in one direction may 
be regarded as the same thing as the flow of “})Ositive electricity’’ in 
the opposite direction. 

The Law of Inverse Squares. — The force tvhich an electrified body 
exerts on neighbouring' bodies varies inversely as the squai'e of the 
distance. 


Questions on Chapter XT 

1. Describe briefly the chief physical pro[>erties which arc attri- 
buted to the lines of force in an electric field. 

2. Describe some sinijde method of observing the direction of the 
lines of force near to a charged body. Represent, by means of a 
diagram, the general distribution of the lines of force in the field near 
to (i. ) a charged rod of sealing-wax, (ii. ) a metal sphere charged -j-ly. 

3. What is the arbitrary rule which is adopted in order to define 
the direction in which electric forces may be acting ? 

4. What is meant by Electric Potential I Describe how you would 
experimentally obtain (i.) a field of Positive Potential, (ii, ) a field of 
Negative Potential. 

5. What is an Ei/uipoiential Surface ? Give diagiams showing 
the general distribution of the equipotential surfaces (i.) round a single 
charged sphere, (ii.)- in the si^ace between two oppositely charged 
spheres. 

6. Two metal spheres of equal size, standing on insulating sup])orts, 
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are oppositely and equally electrified, one positively, the other 
negatively. They are then placed near together, but not so near as 
to produce a spark between them. Describe the general distribution, 
when so placed, of the charges upon them, and of the electric lines of 
force in the field between them. 

7. Two equal metallic spheres charged with equal quantities of 
electricity of the same sign are placed near together, but not in 
contact. Give a sketch, showing the way in which the electricity is 
distributed over the spheres. 

8. Make a potential diagram, indicating the changes of potential 
along the line joining the centres of two oppositely and equally charged 
spheres (A and B). If A and B are 20 cms. apart, and points on the 
line joining their centres are selected 5 cms., 10 cms,, and 15 cms. 
distant from A, describe what changes will take place, in each case, 
in the electrical condition of a small uncharged sphere which is 
brought from a distance to the point and then momentarily touched 
with the finger. 

9. An insulated brass ball without charge is hung near a nega- 
tively-charged conductor. It is then momentarily connected with the 
charged conductor. * Is its potential altered thereby, and if so, how ? 
It is then momentarily connected with the earth. How does this 
affect its potential ? 

10. Discuss the analogies between differences of level, temperature, 
and electrical potential respectively. 

11. A small insulated uncharged sphere has positive potential if 
placed near to a positively-charged conductor. blow would its 
potential be modified if it already possessed a slight negative charge ? 
How would the result of connecting it momentarily to the earth then 
depend upon the distance between the sphere and the conductor? 

12. Under what conditions is it possible for a negatively-charged 
insulated sphere to have (i. ) zero potential, (ii. ) positive potential ? 

13. How is the potential of a positively-charged insulated sphere 
modified by bringing another positively-charged body near to it ? 

14. What are the two conditions which determine a jla^w of 
electricity ? 

15. In what manner can we connect the ideas of ‘'lines of force ” 
and ‘ ‘ flow of electricity ” ? 

16. A negatively-charged insulated sphere is discharged by moment- 
arily touching it with the finger. How would you explain this ex- 
periment by applying the rule that “electricity tends to flow from 
points of high potential to points of low potential ” ? 



CHAPTER XII 

ELECTROSTATIC INDUCTION 

Apparahfs required. — Proof plane. Cylinder of wood with 
rounded ends, and pear-shaped piece of wood — both 
coated with tinfoil or black-lead. Glass rod, vulcan- 
ite, silk, and flannel. Pith-ball and » gold-leaf electro- 
scopes. Insulated door-knobs. Insulating stand. 
Electrophorus. Iron -gauze cylinder. Thin metal 
plate. Hollow tin vessel. Biot’s apparatus. Butterfly 
net. Small spheres (or tinfoil - coated bottles) on 
insulating handles. 

Tlie Proof Plane. — The proof plane is a simple appliance 
which will be frequently required for e.vperiments on induction ; 
it consists of a disc of thin copper or brass (about 2 cms. 
diameter) fi.xed to the end of an insulating handle. A half- 
penny may be used as a metal disc. A proof plane is repre- 
sented at the e.vtrcme right of Fig. 91. 

Introductory Experiment.^ Expt. So. — (i.) Support 
on an insulating stand a cylinder of wood, with rounded 
ends, and coated with tinfoil or black-lead. A suitable 
stand may be made from a rod of unpolished vulcanite, 
which is fixed vertically in a hole bored in a wooden base. 

1 The student is I'cniindcd that the terms “ positive” and “ negative” 
continue to be used, not because we assume that there uie izvo duferent 
kinds of electricity, but because it is generally acceiited ns the only con- 
venient form of nomenclature. Whenever the term nci^n/ir't' edt'e /rici/j is 
used it may be tacitly assumetl that this implies more than the normal 
amount of electricity ^ while positive electricity implies less than the 
normal amoujit. 
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Hold a glass rod, which has been rubbed with silk, near 
to one end of the cylinder (Fig. 105). Hold a proof 
plane with its fiat side in contact with the end A of the 
cylinder. Convey the proof plane to a pith-ball electro- 
scope which is charged - ly, and observe that the proof 
plane is also charged -ly. While holding the glass 
rod in the same position as before, touch the distant end 
of the cylinder with the proof plane, and test the charge 
on the latter by means of a -|- ly charged electroscope. 
Observe that the proof plane is -fly charged. When 
the proof plane touches the cylinder it becomes part of 
one and the same conductor, and will therefore acquire 
a portion of the electrification which may be present 
at the ends of the cylinder. 

The results therefore prove that the cylinder is charged - ly 
at A and -fly at B. The upper portion of Fig. 105 repre- 
sents the distribu- 
tion of the lines of 
force in the experi- 
ment, and the poten- 
tial diagram through 
the axis of the cylin- 
der is shown in the 
lower portion of the 
same figure. The 
end A is nearer than 
B to the glass rod. 



and is consequently 
at a higher potential. 
The cylinder is a con- 
ductor, therefore -f ve 
electricity flows from 
A towards B, and 
the flow will con- 



Frc. 105. — Potential diagram of an insulated 
cylinder chaiged inductively. 


tinue until the potential of the cylinder is uniform. Lines of 
electric force proceed from the -f ve charge on the glass rod to 
the - ve charge on A ; lines of force also proceed from the f ve 
charge at B towards the walls of the room. Notice ho%v the lines 


“ of force appear to converge towards A, and to diverge outwards 
fro7n B, a?id how this suggests the idea that the cylmder is a 
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better conductor than the surrou7idi72g air for the luics of force. 
(Compare this with the flow of magnetic lines of force through 
soft iron.) We say that the charg-es on the cylinder 
are due to induction jEtom the electrified glass rod. 

(ii.) Remove the glass rod to a distance, and again test 
with the proof plane. No charge is found on the 
cylinder. 

When the glass rod is removed the electric field is con- 
veyed away with it, and no lines of force remain to influence 
the cylinder. The + ve and - ve charges at A and B have 
become distributed over the entire cylinder, and have exactly 
neutralised each other, and must therefore have been present 
in equal quantity. 

(iii.) Again hold the glass rod near to A. Touch the 
cylinder with the finger, and again test the electrification 
at A and B. A is charged - ly, and B is uncharged. 

Fig. io6 indicates the result of touching the cylinder 
while under the influence of the charged glass rod. Its 

potential is reduced to 
zero, consequently no 
lines of force pass from 
the end B to the walls of 
the room, and the -f ve 
charge formerly distri- 
buted over the end B 
has disappeared. The 
few lines of force from 
the glass rod which 
formerly traversed the 
greater distance to the 
walls of the room (or 
A B beyond), to terminate 

Fig, io6. — After connection with earth. there in tlieii* cquiv'alcnt 

~ ve charge, arc now 
able to find this equivalent charge by traversing the less 
distance to the end A of the earth-connected cylinder ; this 
preference for a shorter path is not a new property, but simply 
a result of the fundamental tendency to shorten shown by all 
lines of force. We consequently find that rather more lines 
of force now terminate on the end A than was the case before 
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connecting to earth, resulting in the - ve charge at A being 
slightly greater after being earthed than it was before being 
earthed. 

The fact that the cylinder can be at zero potential while 
still ill a region of + ve potential may be more clearly under- 
stood if it is remembered that the cylinder itself has a - ve 
charge, which would, in the absence of any charged body, give 
it a — ve potential. 

The external field, 
however, tends to 
give the cylinder 
a + ve potential. 

The two effects are 
equal and opposite, 
thus giving to the 
cylinder an appar- 
ent zero potential. 

(iv.) Remove the 
glass rod to 
a distance. 

Test the Fig. 107. — ^After removal of the inducing charge, 
charges on 

the ends A and B. Both are — ly charged. So also 
are all parts of the cylinder’s surface. Tlie cylinder 
has been charged — ly by induction.^ • The lines 
of force (which essentially coexist with the — ve charge) 
now proceed from all directions towards the cylinder, 
and they must originate from an equivalent 4- ve 
charge ; they cannot come from the glass rod, 
because this has been removed to a distance, and 
we shall be able to prove in a subsequent experi- 
ment that they come from the boundaries of the room 
(Fig, 107). 

Expt. 81. — Repeat these experiments, using electrified 
vulcanite instead of the glass rod. Prove that A is 

^ Free and Bound Charges. — These terms are sometimes used in 
order to distinguish the charge which disappears on touching with the 
finger from that which still remains on the insulated conductor. Thus, in 
Expt. 80, the -h ve charge on the end B would be termed the free charge, 
and the - ve charge on the end A would be termed the hound charge. 
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+ ly electrified, and B — ly electrified, and verify the 
results shown in Fig. io8. 

In Fig. io8 (i.) the point B is in a region of higher potential 



Fig. ioS. — C harging an insulated conductor +Iy hj'’ induction. 

than A, consequently + vc electricity flows from B to A, In 
Fig. loS (ii.) B has been connected to earth, and + vc electricity 
has passed up into the cylinder until its jiptential has been raised 
to zero; the lines of force entering' B have been destroyed. 
In Fig, io8 (iii.) the sealing-wax has been removed, the -i- ve 
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charge formerly at A is now distributed all over the cylinder, 
which is consequently charged -^-ly by induction. 

Simple Verification of these Results. Expt. 82. — 
Instead of the cylinder use two small metal spheres 
(brass door-knobs are convenient), each supported inde- 
pendently on a vertical insulating support Place them 



Fig. 109. — To illustrate E.vpt. 82. 


2n contact, and bring an electrified glass rod near to one 
of them (Fig. 109). Keeping the rod in position, now 
remove the more distant sphere, and test the charges on 
both spheres. A is — ly and B is -f ly charged. While 
in contact they act as one conductor, and the charge on 
the glass rod acts upon them as if such were the case. 

Attraction of Uncharged Bodies due to Induction. 
— If, in Expt, 80, the cylinder had been free to rotate round its 
point of support, and if the charged glass rod had been held 
to the I'ight or left of the end A, then the lines of force would 
have caused the cylinder to approach the rod ; for the same 
reason, if the rod had been held above (or below) the end A, 
then the latter would tend to rise (or fall). 

Experimental results similar to this have already been 
obtained with a long wooden lath (Expt. 66), and by using a 
proof plane it is easy to verify the induced charges at the ends 
of the lath. 

The attraction of light objects (Expt. 65) is due to the same 
effect. Each fragment is acted upon inductively before attrac- 
tion takes place. But if the fragments are lying on the table 
they are earth-connected, so that the field of force is analogous 
to that of Expt. 80 after the cylmder has been touched. 

Each stage of the action of a charged glass rod on a pith- 
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ball electroscope is represented in Fig-, no. (i.) shows attraction 
of the pith-ball, (ii.) shows the pith-ball drawn up into con- 
tact with the rod, thus destroying the lines of force between 
the rod and the near side of the ball. The lines of force from 



dV) 


Fig. iio.- — Stages In the action of a charged rod on a pith-bull elcctioscope. 

the distant side of the ball now tend to pull it away from the 
rod, with the result shown in (hi.). This is a simple case of 
repulsion between similarly charged bodies, (iv.) represents 
the ball charged -ply after the rod has been removed to a 
distance, (v. ) represents the effect produced by bringing a 
— ly charged rod near to the -Ply charged pith-ball. 

Theory of the G-old-Leaf Electroscope. — The theoiy 
of Expts. 8o and Si is directly applicable to the gold-leaf 
electroscope (for description of the instrument see p. 132). 
Instead of the insulated cylinder we have an insulated con- 
ductor, with a flat metal disc at its upper end, and a jxiir of 
metal leaves at its lower end. Fig. in represents the electro- 
scope under different electrical conditions. AB and CD 
represent the strips of tinfoil on the inner surface of the glass, 
and BD is the disc of foil on the base-board. ABCD is 
earth-connected througii the tabic on which the instrument 
stands, and therefore has a C07tst<mt aero f>ofe?iti'aL 

Fig. Ill also includes a potential diagram for each case ; 
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the diagrams indicate the changes of potential along a line 
coinciding with the axis of the electroscope. The vertical 
dotted line is taken as the line of 2 ero potential. Positive 
potentials are represented by horizontal lines drawn to the 
right of the zero line, and negative potentials by lines drawn to 
the left. The thick continuous line represents the changes in 
potential along the line of the electroscope’s axis. 

Expt. 83. — (i.) Hold a — ly charged rod of vulcanite over 
the disc. The leaves are at a higher potential than ttie 
disc, consequently + ve electricity passes from the leaves 
to the disc, giving the former a — ve and the latter a 
+ ve charge. The charge on the leaves induces a + ve 
charge on the tinfoil. Lines of force (see Fig. iii, i.) 
proceed across from each tinfoil strip to the nearest 
metal leaf, resulting in the leaves being pulled apart. 
The same number of lines of force also pass from the 
disc to the vulcanite. The degree of divergence will 
depend upon the number of lines of force passing 
between the leaves and the tinfoil. 

(ii.) Hold the vulcanite still in the same position, and 
touch the disc with the finger. The potential of the 
leaves is raised to zero, the lines of force between the 
tinfoil and the leaves disappear, and the leaves collapse 
(Fig. Ill, ii.). 

(hi.) Remove the vulcanite to a distance. The 4-ve 
charge distributes itself uniformly over the con- 
ductor, a portion going into the leaves and inducing a 
— ve charge on the tinfoil. The lines of force thus 
brought into play cause the leaves to diverge (Fig. i ii, 
iii.). The electroscope has beeit charged -\-ly by induction. 
(iv.) Hold a -j-ly charged glass rod over the disc. 
The potential of the disc is raised above that of the 
leaves. The + ve charge in the leaves increases, and 
the increased number of lines of force causes the leaves 
to diverge more (Fig. iii, iv.). 

(v.) Hold a — ly charged rod of vulcanite over the disc. 
The potential of the disc is lower than that of the 
leaves ; + ve electricity passes from the leaves to the 
disc, thus diminishing the number of lines of force 
between the leaves and the tinfoil (Fig. ii i, v.). 

M 
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(vi.) Hold the vulcanite nearer to the disc. The po- 
tential of the disc is still further diminished, more + ve 
electricity passes from the leaves to the disc, and the 
divergence of the leaves is diminished. If the potential 
is reduced to zero the leaves will have no divergence 
(Fig. Ill, vi.). 

(vii.) Hold the vulcanite still nearer to the disc. The 
potential of the disc is now negative, and the leaves 
will diverge with — ve electricity (Fig. iii, vii.). 

(viii.) Remove the vulcanite to a distance, and hold 
the hand, or some other earth-connected conductor, over 
the disc. The +ve charge on the disc now induces 
a — ve charge on the under side of the hand, resulting 
in some (or all) of the lines of force being transferred 
from the leaves to the disc, and so reducing the diver- 
gence of the leaves. The nearer the hand is to the disc 
the greater is the reduction in the divergence of the 
leaves (Fig. iii, viii.). The same result may be ex- 
pressed by saying that the induced - ve charge on the 
hand creates a region of — ve potential round the disc, 
and consequently lowers the potential of the instrument, 
.(ix.) Repeat (i.) and (ii.), but use a -fly charged 
glass rod instead of the vulcanite. The electroscope 
will now be charged ~ ly. A -f ly charged body held 
over the disc will now diminish the divergence, and a 
— ly charged body will increase the divergence. An 
earth-connected conductor held over the disc will 
diminish the divergence (the same as when the instru- 
ment is -f ly charged). 

^x.) Place the uncharged electroscope on an insulating 
stand. ^ Connect the disc to the tinfoil base by means 
^ Insulating Stands. — A simple form of insulating stand is frequently 
required in electrostatic experiments. Flat slabs of white paraffin- wax 
serve the purpose admirably. The wax may be cast by melting it in a 
baking-tin of the required size, and allowing it to cool ; when cold the 
tin is placed in hot water for a few moments, till the outer layer of wax is 
melted, and then inverted, so as to remove the slab of wax. The wa.x 
should be originally melted by standing the tin in a vessel of water heated 
from below^ since the wax loses its insulating power considerably if heated 
much above the temperature of boiling water. 

Plates of fused silica serve admirably for purposes of insulation, either 
•alone or in conjunction with paraffin -wax slabs or vulcanite rods. 
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of a thin wire. Hold a charged body near to the instru- 
ment, and observe that the leaves do not diverge. The 
leaves and the tinfoil are at the same potential, and 
therefore no lines of force pass between them to cause a 
divergence. 

Remove the thin wire, and observe that a charged 
body near to the instrument will cause a divergence of 
the leaves. If the charged body is an electrified glass 
rod, the potential of the leaves and of the tinfoil will be 
raised, but not to the same degree ; hence there will be 
a potential difference causing a divergence of the leaves. 

Touch the tinfoil with the finger, so as to reduce its 
potential to zero. The potential difference is now 
greater, and this is shown by the increased divergence. 

From these results we see that the divergence of the leaves 
depends upon the potential difference between the leaves and 
the earth-connected tinfoil ; if the instrument is + ly charged, 
a rise in the potential of the leaves will produce an increased 
divergence ; a faH in potential will produce a reduced diver- 
gence. The electroscope may therefore be used as a means 
of detecting any changes in potential. 

This principle may also be applied in order to determine 
the kind of electrification on a body which is held over the 
disc, for if the body is + ly charged the potential of the 
electroscope is raised, and if the body is — ly charged the 
potential of the electroscope is lowered. The rules to observe 
will be as follows : — 

f Increased divergence implies 
+ ve charge. 

c./uir^cio t ij'. Diminished divergence implies 
-ve charge {or an earth- 
connected conductor). 

' Increased divergence implies 
— ve charge. 

Elecb'oscope charged - ly. ^ Diminished divergence implies 
•+■ ve charge {or an earth- 
connected conductor). 

SniUible climensions are ^-inoh sciuaro anti Uindi thiclv. Plates, up 
to 12-inch Miiuue, can be obtained from The Tliennal .Syndicate, Ltd., 
Wallsend-on-d yue. 
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From these rules it will be seen that an increased diver- 
gence is the only sure test of electrification. 

The Blectrophorus. — This is a convenient appliance for 
obtaining larger charges of electricity than can be obtained 
from electrified glass rods or vulcan- 
ite rods. It was devised by Volta 
in 1775. The principle of its action 
is identical with that described in 
Expt 8ij in which experiment the 
cylinder and the vulcanite rod are 
replaced by a flat metal disc and a 
circular slab of sealing-wax (or 
shellac). 

A simple form of electrophorus 
may be made by filling the inverted 
lid of a coffee- tin (8-10 cms. dia- 
meter) with melted sealing-wax. 

Cut a circular disc of brass or copper 
of slightly less diameter than the tin- 
lid, and festen the disc at right angles to the end of a rod of 
vulcanite^ which serves as an insulating handle ; the portion 
of the brass surface to which the handle is attached should be 
previously scratched or roughened, to enable the vulcanite 
to cling more firmly. 

Expt. 84. — Charge the sealing-wax — ly by rubbing with 
fur or flannel. Place the metal disc resting on the top of 
the sealing-wax. Touch the disc. Raise the disc away 
from the sealing-wax. Test the charge on the disc by 
holding it over the disc of a +ly charged gold-leaf 
electroscope ; an increased divergence shows that the 
electrophorus disc is -F ly charged. Bring the finger near 
to the disc ; when sufficiently near, a small spark is seen 
to pass from the disc to the hand. Completely discharge 
the disc by touching it with the hand. Again place 
it on the sealing-wax, and repeat the experiment. The 
disc may be charged many times without it being 
necessary to re-charge the sealing-wax. 

It might appear that when the disc, lying on the wax, is 
touched that the sealing-wax would be immediately discharged. 
The reason for this not being so is that the disc is really only 



Fig. 112. — An electrophorus. 
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touching the sealing-wax at three or four points, since neither 
of the surfaces in contact are perfectly true planes ; these 
points may be discharged, but other portions of the surface 
will retain their charge, because they are separated from the 
points of contact by the insulating sealing-wax. Fig. 113 
represents the various stages in the experiment. In Fig. 1 1 3 
(i.) and (ii.) the disc is represented much farther away from 
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Fig. 113. — Tile principle of the electrophorus. 

the wax than really is the case, so as to show clearly the 
lines of force between the disc and the wax. 

When the disc is charged and brought near to an carlh- 
connected conductor, a spark passes which is accompanied by 
sound, light, and some heat. It is evidently a source of 
energy, wliich is not the case before the disc is charged. 
This energy only appears when the disc has been raised, and 
the v/ork done on the disc in stretching the lines of force 
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which connect it to the -wax reappears in the energy of the 
spark which the disc is capable of giving off when an earth- 
connected conductor approaches it. 

Electrical Screening, — So far we have only investigated 
the paths of the lines of force in the immediate neighbour- 
hood of the apparatus which is 
being experimented with. When 
a 4- ly charged body is in the 
centre of an otherwise empty 

room, do the lines of force termi- 
nate at the walls, ceiling, and 
floor of the room ? or, do they 
proceed onwards and outwards ? 

We now know that the latter 
would be true if the boundaries 
of the room are not earth -con- 
nected conductors ; but if the 

reverse is the case, then they will 
become charged — ly by induc- 
tion, they will remain at zero 
potential, and the lines of force 
will terminate on the surfaces 
which carry the induced — ve 
charge. 

Expt, 85. — (i.) Hold the 

charged electrophorus disc 3 or 4 cms. away from the 
wall of the room (Fig. 114). Touch with a proof 

plane the surface of the wall which is within the 

shadow of the disc. Bring the proof plane over 
the disc of a — ly charged electroscope. The proof 
plane is charged - ly. Remove the electrophorus 
disc, and again test the same portion of the wall. 
The induced — ve charge has disappeared. Hence 
the walls of the room must be of conducting 
material. 

(ii.) Repeat the experiment, holding the disc just above 
the table. The same results are obtained. 

All the boundaries of the room must be of conducting 
material. The same may be said of the entire building. 
Hence we may regard the room as an earth-connected con- 



Fig. 114.— To illustrate Expt. 85. 
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ductor, and always at zero potential. Whatever experiments 
may be in progress, the lines of force will be restricted to the 
space within the room, and it will be impossible to detect any 
electrical forces beyond the boundaries. The walls ^ etc.^ of 
the room ?nay be said to serve as an electrical screen^ protectmg 
the outer region from all electrical forces which may exist 
within the room. Similarly, the space within the room will 
be electrically screened from all forces which may exist out- 
side the room. These results may be verified in the following 
manner : — 

EXPT. 86. — (i.) Make a cylindrical jacket of iron gauze, 
consisting of gauze sides and top, large enough to 
completely cover the electroscope without touching 
any part of the instrument. Place the jacket over 
the electroscope, and standing on the table ; the 
gauze is earth -connected, and therefore analogous to 
the walls of the room. Hold the charged electro- 
phorus disc near to the gauze. The electroscope is 
unaffected. 

(ii.) Remove the jacket, invert it, and place it on a 
stand (non -insulating) as near as possible to the 
disc of the electroscope. Hold an electrified rod 
of vulcanite inside the jacket (without touching 
the gauze). Notice that the electroscope is again 
unaffected. 

(iii.) Hold the vulcanite just over the disc of the 
electroscope. Observe the divergence. Now place 
a large sheet of metal, earth -connected by holding 
it in the hand, between the rod and the disc {a7td 
7iot iotiching either'). Observe the collapse of the 
leaves. The 7netal flate is scree?ting the electroscope 
(Fig. 1 1 5 , i.). 

(iv.) Replace the earth -connected metal sheet by an 
insulated sheet. The electroscope is no longer screened 
(Fig. IIS, ii-)- 

We have already learned that the easiest method of com- 
pletely discharging a charged body is to pass it through a 
flame. If the body is a conductor, it is not even necessary 
to bring the flame into contact with it, the discharge taking 
place when the flame is still several cms. distant. The con- 
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ductor will, however, retain its charge if it is electrically 
screened from the flame by the method shown in Fig. 1 15 (i.). 
(v.) Hold a burning taper or match near to the disc of a 
charged electroscope. Notice how rapidly the instru- 
ment is discharged. Re-charge the electroscope, and 
hold an earth-connected metal plate between the disc 
and the flame ; notice that the instiaiment is not being 
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Fig. 115. — An electroscope is screened by an earth-connected metal disc, 
but not by an insulated disc. 

discharged as long as it is screened, but that the dis- 
charge takes place as soon as the screen is removed. 

Potential the same at all Points of a Conductor. — 
That the potential is the same at all points of a conductor 
may be verified by deduction from the fundamental facts of 
statical electricity. When two points on the surface of a 
conductor are at different potentials, electricity will continue 
to pass between them until they are at the same potential. 
Hence, in an electric field which is not changing, all points 
of a conductor must be at the same potential. The same 
conclusion may be arrived at experimentally in the following 
manner : — 

Expt. 87. — Charge the insulated cylinder (as used in 
Expt. 80) by means of the electrophorus. Connect 
the disc of a proof plane to the disc of a gold-leaf 
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electroscope by means of a thin copper wire. (It is 
convenient to bore two small holes through the discs.) 

Holding the 



proof plane 
loy its insulat- 
ing handle, 
bring it into 
contact with 
the cylinder, 
and observe 
the diver- 
gence pro- 
duced (Fig. 
1 1 6). The 


Fig. To illustrate Expt. 87. 


degree of 
divergence is 


a measure of the potential of the point on the cylinder 
which is in contact with the proof plane. Move the 


proof plane to 
other points of 
the cylinder, 
and notice that 
the divergence 
remains unal- 
tered. 

Seat of the 
Charge on a Con- 
ductor, — Having 
investigated the field 
of force outside 
charged bodies, we 

have now to consider 
the space within a 
charged body, and 

to find if lines of Fig. 117. — Biot’s apparatus, 

force are present in- 
side as well as outside, or if the charge is uniformly distributed 
through the substance of the charged body. 

In the case of a solid conductor, we know that the potential 
at all points must be the same ; between these points there 
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cannot therefore be any electrical lines of force. Hence the 
lines of force in the external field must terminate on ilie 
surface of the conductor, and the electrical charge must con- 
sequently be restricted to the surface. This has been experi- 
mentally verified by Biot, with a simple appliance which is 
still termed Biot’s apparatus (Fig. 117). This consists of an 
insulated brass sphere over which can be fitted two thin 
hemispherical brass shells, each supported on an insulating 
handle. 

Expt. 88 . — Charge the metal sphere, and verify the charge 
by means of the proof plane. Place the hemispheres 
carefully round the sphere ; now, without touching the 
sphere (so far as is practically possible), withdraw 
them. Test the hemispheres for electrical charges, 
and also test the sphere ; the hemispheres are charged, 
the sphere is uncharged. Evidently the charge 
has passed to the outside of the hemispheres, and 
the removal of the thin outer layer of the combined 
apparatus has resulted in the complete removal of the 
charge. 

In the case of a hollow conductor we can experiment more 
readily, since it is easy to introduce a proof plane within the 
conductor, and remove a portion of any charge which may be 
present. 

Expt. 89. — Place a coffee-tin (or calorimeter) on an 
insulating stand (p. 163). Charge the tin by means of 
the electrophorus. Touch the outside of the tin with a 
proof plane, and verify the charge with a gold-leaf 
electroscope. Discharge the proof plane, and with it 
touch the inside of the tin ; carefully remove the proof 
plane without touching the edge or outer surface of the 
tin. Test it by means of the electroscope ; it is 
uncharged. Hence there is no charge inside a 
conductor (solid or hollow). If the tin could be 
turned inside out, would the outer surface be still charged 
although now inside the tin ? or, xvould the charge leave 
it and pass to the surface which is now outside ? These 
questions may be experimentally answered by using a 
cotton net, supported on an insulated handle, and which 
can be turned inside out by means of a long silk thread 
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attached to the end of the net (Fig. ii8). This 
frequently known as Faraday's Butterfly Net. 

EXPT. 90. — Charge the net by means of the electrophorus. 
Test for the charge outside and inside by means of a 
proof plane. The charge is entirely on the outside. 
Now turn the net inside out, taking care not to touch 
the cotton net with the hand. Again test the inner and 



Fig. 118. — Faraday’s butterfly net. 


outer surfaces. The charge is again found on the out- 
side only. This proves that it is a fundamental property 
of an electric charge to distribute itself on the outer 
surface only of a conducting body. 

induced Oharg-es inside a Hollow Conductor. — In 
the section on “ Electrical Screening ” we found that the lines 
of force proceeding from a charged body terminate on the 
inner surfaces of any earth -connected conductor which may 
surround it. When the walls of the room make such an 
earth-connected conductor, we already know that the induced 
charge is present on the walls. This can be verified on a small 
scale by the following experiment. 

Expt. 91. — Place a small can on the table. Introduce an 
insulated sphere, ^ which is charged -1-ly, well inside the 
can, taking care that the sphere does not touch the can. 
Touch the inside of the can with a proof plane, and 
withdraw it, being careful not to touch the sphere or the 

1 Instead of the sphere, a convenient carrier may be made by covering 
the outside of a 2 oz. glass bottle with tinfoil, and fastening a rod of 
vulcanite to the cork to serve as an insulating handle. 
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edge of the can. Test the charge on the proof plane by 
means of an electroscope. The inside of the can has an 
induced — ve charge. 

We have not yet determined whether the induced charge is 
equal to the inducing charge. Theoretically they should be 
equal, since we know that the number of lines of force which 
terminate on the walls of the room must be equal to the 
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Fig. 119. — Faraday’s ice-pail experiment. 

number which originate from the charged body within the 
room, providing that no other charged bodies are present. 
To verify this by experiment we can imitate the required con- 
ditions by means of Fa^'adays Ice-pail Experbiient (so called 
because Faraday first performed the experiment, and used an 
ice-pail as a hollow conductor). 

Expt. 92. — Place a small can on an insulating stand, and 
connect the can to the disc of an electroscope. Intro- 
duce an insulated sphere (or foil-covered bottle), which 
is charged +ly, well inside the can, taking care not 
to touch the sides of the can (Fig. 119). If the can 
is sufficiently deep, all the lines of force from the 
charged sphere are now intercepted by the sides of 
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the can, on the inside of which an induced — ve 
charge is found. The induced + ve charge is dis- 
tributed partly over the outer surface of the can and 
partly over the electroscope, from both of which there 
are lines of force proceeding to any neighbouring earth- 
connected conductors. Observe the divergence of the 
leaves. Allow the sphere to touch the inside of the can, 
thus making it a portion of the inside of the charged 
conductor. The divergence remains unaltered. Remove 
the sphere, and test whether it still has any charge. 
The sphere has no remaining charge, nor is there any 
charge on the inside of the now empty can. The 
sphere’s charge has been exactly neutralised by the 
induced — ve charge on the can, without leaving an 
excess of either (for had there been an excess of either 
it must have proceeded to the outside of the can, and so 
modified the divergence of the leaves). All the lines 
of force which originally proceeded from the sphere 
evidently disappeared when the sphere touched the can. 

Hence, the total induced charge is equal and 
opposite to the inducing charge. 

The induced -1- ve charge is equal to the induced - ve 
charge, hence the charge remaining on the can must be equal 
to the charge originally on the sphere. This explains the only 
method which is known for completely transferring the charge 
from one insulated conductor to another. The conductor 
which is intended to receive the charge must be hollow and of 
sufficient size to allow the charged conductor to be placed 
inside it. If the conductors only touch one another on the 
outside, then the charge will be shared between them, and will 
not be found on one conductor only. 

Expt. 93. — -Using the same apparatus as in Expt. 92, 
touch the outside of the tin with the charged sphere. 
Observe the divergence of the leaves. Lines of force 
proceed from both the sphere and the can. Test the 
charge still remaining on the sphere by bringing it near 
to the disc of another electroscope which is charged + ly. 
Now touch the inside of the can with the sphere. 
Notice the increased divergence, and verify that the 
sphere is now completely discharged (Fig. 120). 
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The Potential inside a charged hollow conductor 
is uniform. We have already proved that there is no charge 
on the inside of a charged hollow conductor, and therefore no 
lines of force are present within the conductor. As a result of 



this, no work will be done on a test-charge when carried from 
point to point within the conductor; in other words (p. 146), 
the potential must be the same at all points. 

Expt. 94. — Place the gauze jacket (see Expt. 86) on an 
insulating stand, and place a gold-leaf electroscope 
inside the jacket. Charge the jacket by means of an 
electrophorus. The leaves do not diverge, showing that 
the electroscope is in a region of uniform potential. 

Although the potential inside the conductor is uniform, it 
does not follow that it is zero. If the conductor is charged 
4- ly, we should anticipate that any point within the conductor 
will have 4-ve potential, since a -|-ve charge is in the near 
neighbourhood. 

Expt. 95.— Place a metal can on an insulating stand, and 
charge it -}-ly. Connect one end of a long thin wire 
to the disc of an electroscope, and wrap the other end 
round the end of a rod of vulcanite, so that the wire 
may be held inside the can and yet be insulated. Place 
the electroscope at a sufficient distance to prevent the 
charge on the can from acting inductively upon the 
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electroscope. Hold the wire in the centre of the can, 
and notice the divergence of the leaves (Fig. 12 1). The 
potential of the free end of the wire is evidently not zero. 
hlove the wire into various positions inside the vessel, 
and notice that the divergence remains the same. 



Therefore the potential must be the same at all points. 
Without withdrawing the wire carefully disconnect it 
from the electroscope, using a rod of vulcanite or 
other insulating material for the purpose. Test the 
charge now present in the electroscope. If it is + vc 
it proves that the free end of the wire was in a region 
of +ve potential. 

In carrying out this experiment the student may accidentally 
touch the sides of the can with the wire, which would be 
accompanied by an increase in the divergence of the leaves. 
This might, at first sight, appear contrary to the principle that 
the potential is the same at all points. 

Expt. 96. — Repeat Expt. 95, and allow the wire to touch 
the inside of the can. 

The reason for the increased divergence is that the electro- 
scope now ceases to be merely a measurer of potential, but 
forms part of one large conductor, consisting of the can and 



CHAP. XII 


DISTRIBUTION OF CHARGE 


177 


the electroscope i and the charge, which was formerly restricted 
to the outer surface of the can, now distributes itself over both 
can and electroscope. The lines of force will, in fact, tend to 
accumulate on the leaves more than on the can, because the 
path between the leaves and the earth-connected strips of tin- 
foil on the electroscope is far shorter than the path between the 



vessel and the walls of the room (Fig. 122). If this is a correct 
explanation, then the increased divergence should be far less 
if the strips of tinfoil are insulated from the earth. 

Expt. 97 Place the electroscope on an insulating stand, 

and repeat Expt. 96. Observe the divergence when the 
wire touches the can. Now touch the tinfoil strips with 
the finger, still keeping the wire and can in contact, and 
observe the increased divergence. 

Distribution of a Charge on the Surface of a 
Conductor. — Although the potential of a conductor is the 
same at all points, it does not necessarily follow that the charge 
is uniformly distributed over the surface. Does the distribu- 
tion depend in any way upon the shape of the conductor ? 

Expt. 98. — (i.) Charge a large insulated sphere. Touch 
the surface with the flat side of a proof plane, and bring 
the proof plane into contact with the disc of an un- 
N 
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charged electroscope. Notice the degree of divergence. 
Discharge the proof plane and electroscope. Test other 
portions of the sphere’s surface in the same way. The 
divergence is the same in each case. When the proof 
plane is touching the surface of the sphere it becomes a 
portion of the sphere’s surface (so far as the distribution 
of the electricity is concerned, because the charge is 
entirely on the outer surface) ; the removal of the proof 
plane is equivalent to removing a portion of the sphere’s 



Fig. 123. — The distribution of the charge on a sphere and on a cone. 

surface equal in size to the proof plane, and the diver- 
gence of the leaves therefore measures the quantity of 
electricity on such a portion. 

The distribution of electricity on the surface of a sphere 
is uniform (Fig, 123). 

(ii.) Repeat this experiment with a large insulated pear- 
shaped conductor. The greatest divergence is obtained 
when the proof plane has touched the small end, and 
the least divergence when the proof plane has touched 
the straight sides (Fig. 123). 

(iii.) Repeat the experiment, using a charged hollow can. 
More electricity is found on the edges than on the 
sides. 

(iv.) Repeat the experiment, using a charged flat metal 
disc. More electricity is obtained from the edge than 
from the sides. 

The quantity of electricity on each square centimetre 
of the surface of a conductor is not necessarily the same. 
(This quantity is usually termed the Density of the 
charge.) 

Hence, although the potential of a charged conductor is 
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imifo7'7n, the density is Jtot 7iecessarily so, but dcpe^^ds ipon the 
shape of the co72ducto7\ 

This result may be difficult to understand, but the con- 
sideration of one or two simple cases will show that it is in 
perfect agreement with what we have already learnt about 
Statical Electricity. Thus, consider the insulated pear-shaped 
conductor placed in the field of force due to an insulated 
charged sphere (Fig. 1 24, i.). The number of lines of force which 





Fig. 124. — The potential of the cone AB is unifornij but the density 
is greater at B than at A 

leave the pointed end B must be equal to the number which 
enter the blunt end A ; and, since the area of the end B is 
smaller than the area of the end A, the lines of force must 
necessarily be more crowded at B than at A. (This is quite 
analogous to the distribution of magnetic lines of force at the 
ends of a piece of soft iron, of similar shape to the conductor 
AB, when placed in a magnetic field.) 

Again, the potential at all points inside the conductor must 
be the same (Fig. 124, ii.). Imagine a small test-charge at A, 
near to the apex of the charged conductor. The charge on all 
points of the conductor to the left of A wall exert a force 
upon the test-charge. Since the potential is uniform, then the 
charge on all points of the conductor to the right of A must 
exert an equal and opposite force ; for this to be possible, 
the density of the charge on the point must be considerably 
greater than that on other portions of the conductor’s surface. 
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The Law of Inverse Squares. Proposition 1 . — The 
force exerted by a charged co7idiictor 07i a ne7ghboi0'mg test- 
charge is directly f77'op07'tio7ial to the qua7itity of electricity 07i 
the co7iducto7\ 

Let A be a small sphere, charged with a small quantity of 
electricity, and let us call this our 
A imit of qua 7 ttity. At a short dis- 

# tance place a test-charge yJ, and 
imagine it to be also charged with 
tmit quantity. A will exert a 
force ^ of repulsion on p (Fig. 

t Now place a second small 
sphere B, touching A, and also 
charged with U7iit quantity. The 
^ total force acting on p is now 

Fig. 125. twice as great as when A alone 

was acting (Fig. 125, ii.). 

If a third small sphere, charged with unit quantity, were 
placed in contact with A and B, then the force would be 
trebled. 

Hence the force acting on p is proportional to the quantity 
of electricity at AB. 

Proposition 1 1 , — The force exerted by a charged co7iductor 
071 a 7teighbo7i7'i7ig charged conductor 
is diversely proportional to the 
square of the dista 7 ice. 

Let OAB (Fig. 126) represent 
a cone with circular base, and Oab 
a smaller cone formed 'by making 
a horizontal section through the 
larger cone. The radius AP of 
the base of the cone is proportional 
to the height OP of the cone (see 
Fig. 34), or 

AP OP 

ap 

The area of the circular base is proportional to the square 
of its radius, hence 




CHAP. XII 


LAW OF INVERSE SQUARES 


iSi 


area AB _ (AP)^ _ (OP)- _ 
area ab (Q^/" ’ 

or, t/ie area of the base is p7'opo?iio7ial to the sqiia^'e of its 
dista?ice f7'ovi the apex. 

Apply this result to a point P (Fig. 127 ) inside a hollow 
charged sphere. Imagine the sphere divided into a large 
number of cones, each 
having P as apex, by 
drawing straight lines 
across the sphere 
through P. Consider 
one pair of cones as 
shown in Fig. 127 . 

The charge on the 
sphere’s surface is uni- 
form, hence the quan- 
tity of electricity on the 
areas S and will be 
proportional to the size 
of the areas (which are 
at distances D and d 
from the point P), or 

Q S Fig. 

q s d- 

But the forces acting at P e.xerted by these charges must 
be equal and opposite, since the potential is the same at all 
points inside the sphere. Hence the effect of dista7ice must 
neutralise that of qua7itity. If the quantity varies directly as 
the square of the distance, then the force must vary z7tversel_y 
as the square of the distance. 


Chief Points of Chapter XII 

Fundamental Principle of Electrostatic Induction. — When an 
insulated conductor is placed near to a charged body, its opposite sides 
are found to be oppositely charged, and the ^‘sign” of the charge on 
the near side is opposite to that on the charged body. The opposite 
sides of the conductor are said to have induced charges. 
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Such a conductor intercepts lines of force passing to or from the 
charged body. Where lines of force enter the conductor a — ve charge 
is founds and where lines offeree leave the conductor a +ve charge is 
found. 

Charging an Insulated Conductor by Induction. — (i.) An 
insulated uncharged conductor near to a + ly charged body has + ve 
potential ; (ii. ) if near to a — ly charged body its potential is - ve. When 
momentarily put to earth the potential of the conductor will be lowered 
to zero in case (i. ), and raised to zero in case (ii. ), In case (i. ) the 
+ ve induced charge disappears, in case (ii. ) the - ve induced charge 
disappears. Remove the charged body, and the potential of the con- 
ductor (due to the charged body) no longer has effect — the conductor’s 
potential will be solely that due to the induced charge still remaining 
in it. In case (i. ) its final potential is — ve, in case (ii.) -fve, and the 
conductor is said to be charged - ly (or + ly) by induction. 

To charge a conductor — ly by mdiiction.^ the inducing charge must be 
+ ve^ and vice versa. 

Attraction of Uncharged Bodies is due to Induction. — Just as 
magnetic induction precedes attraction in magnetic phenomena, so also 
does electrostatic induction precede attraction in electric phenomena 
(p. i6o). 

Theory of the (xold-leaf Electroscope. — The mode of charging 
the electroscope by induction is identical in princij^le with the process 
of charging any insulated conductor by induction. The gold-leaf 
electroscojpe serves as a means of detecting a charge in any body held 
near to it, according to the following rules : — 

C Increased divergence implies -f ve charge. 
Electroscope charged -I- ly X Diminished divergence implies — ve charge 
{or an earth-connected conductor). 

C Increased divergence implies - ve chaige. 
Electroscope charged — ly-( Diminished divergence implies -fve charge 
{or an earth-connected conductor). 

The Electrophorus is a simple appliance for repeatedly charging 
an insulated metal plate by induction. The plate is placed on an 
electrified disc of sealing-wax or ebonite, and momentarily connected 
to earth. On raising the plate away from the disc its potential 
becomes -i- ve, and it has therefore acquired a -f- ve charge. 

Electrical Screening. — The lines of force proceeding from an 
insulated charged body placed within a room terminate on the walls of 
the room (unless the room is artificially insulated). No lines of force 
proceed into the space beyond the walls. The outer space is said to 
be screened from the electric lines of force within the room. Similarly, 
the walls will screen the inner space from all electric forces originating 
from outside. 
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Any earth-connected conductor will serve as an electrical screen to 
a more or less limited extent. 

The Potential is the same at all points of an Insulated Con- 
ductor. For, if not, electricity will flow between vaiious points until 
all are at the same potential. 

Seat of the Charge. — The charge on a conductor is restricted to 
the outer surface. There is no charge inside a conductor (solid or 
hollow). 

Total Amount of Induced Charge. — By enclosing the charged 
body inside a hollow insulated conductor (Faraday’s ice-pail experi- 
ment), it is proved that the total induced charge is equal and opposite 
to the inducing charge. 

The Potential inside a charged hollow Conductor is nniform. 
The Distribution of Charge on the Surface of an Insulated 
Conductor. — Although the potential is the same at all points of an 
insulated conductor, yet the distribution is not necessarily uniform, but 
depends upon the shape of the conductor. 

The distribution on the surface of a sphere is uniform. On pointed 
bodies the charge tends to accumulate at the points, and the sharper 
the points the more does the charge accumulate there. 

Electrical Density, — The quantity of electricity on each sq. cm. of 
surface is termed the deitsiiy of the charge. 

The Law of Inverse Squares. Proposition I. — The force exerted 
by a charged body on a neighbouring test-charge is directly p 7 'oporiional 
to the qteantity of electricity on the charged body. 

Proposition II. — The force exerted by a charged body on a neigh- 
bouring test-charge is ijiversely p 7 'oporiional to the square of the 
distance. 


Questions on Chapter XII 

1. Describe an experiment to show that when an insulated con- 
ductor is electrified by induction two opposite charges are induced on 
it, that which is further from the inducing charge being of the same 
kind. 

2. If you were given a negatively electrified stick of sealing-wax 
and two metal balls mounted on insulating supports, how would you, 
with this apparatus, charge the balls with opposite kinds of elec- 
tricity ? How could you afterwards find out whether you had charged 
the balls as you intended, and whether their chaiges were equal or 
unequal ? 

3. Explain the action of an electrophorus, 

4. If a metal tray is supported on a dry glass, and a sheet of foolscap 
is thoroughly dried, rubbed with the finger-nails, and placed on the 
tray, a spark may be drawn from the tray. If the paper is now taken 
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off, the operator not touching the tray, a second spark may be 
obtained. Explain how these charges are formed. 

5. Describe how to arrange an experiment so that a conductor 
charged all over with negative electricity may nevertheless receive a 
further charge of negative electricity on being connected with the 
ground by a conducting wire. 

6. Having given a gold-leaf electroscope and a piece of ebonite and 
cat’s-skin, what experiments would you make to determine whether the 
electrical charge on a given charged insulated body were positive or 
negative ? 

7. A rod of sealing-wax and a piece of flannel, after having been 
rubbed together, are insulated and placed some distance apart. How 
do their potentials differ from each other and from the potential of the 
earth ? How would you prove the truth of your answer ? 

8. An insulated conductor. A, is brought near to the cap of a gold- 
leaf electroscope which has been charged positively. State and explain 
what will happen ( I ) if A is unelectrified ; (2) if it is charged posi- 
tively ; (3) if it is charged negatively. 

9. The top of an electroscope is coated with sealing-wax, which is 
rubbed by flannel held in an insulating support. Describe and explain 
the behaviour of the leaves (i) while the rubbing is in progress; (2) 
when the flannel is removed. 

10. Describe an experiment to prove that two parts of the same 
conductor may be differently electrified although they are at the same 
potential. 

11. Four precisely similar insulated metal balls, A, B, C, D, are 
placed in a row. The two inner balls (B and C) are in contact, and 
the distances AB and CD are equal. If A and D are electrified, what 
will be the electrical states of B and C after first one and then the 
other has been removed from the neighbourhood of A and D ( i ) when 
the charges on A and D are equal and opposite, (2) when the charges 
are equal and similar? 

13 . Two equal insulated uncharged spheres, B and C, arC placed on 
opposite sides of, and at equal distances from, a charged sphere A. 
What is the electrical state of B and C, and what will happen if the 
part of B nearest to A is connected by a fine wire with the part of C 
farthest from A ? 

13. The cap of a gold-leaf electroscope, resting on an insulating 
stool, is joined by a wire to the gas-pipes. How will the leaves be 
affected when a charged glass rod is brought near to the electroscope ? 
Give reasons for your answer. 

14. The extremity B of a wire AB is attached to the plate of a gold- 
leaf electroscope. By means of an insulating handle, the other end A 
is placed in contact first with the blunt and then with the more pointed 
end of a pear-shaped insulated and electrified conductor. 
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Describe and explain the movements of the leaves of the electro- 
scope. 

15. Desciibe an experiment to prove that the charge on an 
electrified conductor lies wholly on the surface. 

1 6. An insulated conductor A is charged with electricity. Another 
conductor B, earth-connected, is placed near to A. Is the induced 
charge on B greater than, equal to, or less than the charge on A? 
Give reasons for your answer.' 

17. How may it be experimentally proved that external electrified 
bodies produce no electrical force within a hollow conductor ? 

18. An electrified metal ball is introduced into a dry glass tube 
closed at one end, and then, the tube being held in the hand, is brought 
near to the cap of the electroscope. What will the effect on the 
electroscope be if the exterior of the tube (i) is, (2) is not, covered with 
tinfoil ? 

19. Describe Faraday’s ice-pail experiment, and show how it may 
be inferred from it that "the total quantity of electricity induced by a 
given charge is equal and opposite to the charge. 

20. Into an insulated uncharged metal jar standing on the cap of 
an electroscope an electrified biass ball is lowered without contact ; the 
jar is then touched for a moment with the finger, and the ball is next 
allowed to touch the jar, after which it is removed. Explain the 
various effects produced on the gold leaves. 

21. An insulated hollow metal vessel has a charge of positive elec- 
tricity and is at some distance from other conductors. An uncharged 
metal ball, supported by a silk thread, is (i) introduced into the vessel 
without touching it, (2) connected momentarily with the earth, and (3) 
removed to a distance. State how its potential changes during these 
operations. 

22. Under what circumstances is it possible to transfer the whole of 
the charge on a conductor to another insulated conductor ? 

23. Two pith-balls hang side by side by two damp cotton threads. 
State and explain what happens when an excited glass rod is brought 
gradually near the two pith-balls from below. 

24. To protect a gold-leaf electroscope from being acted on when 
an electrical machine is at work near it, it is sufficient to cover the 
electroscope with a thin cotton cloth. How is this ? 

25. The caps of two gold-leaf electroscopes A and B are connected 
by a long wire, and a positively charged sphere is brought near A. 
What will be the indications of the electroscopes, and how will they 
alter if either A or B is touched ? 
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ApparaHis required, — Insulated spheres (or tinfoil -coated 
bottles) of different sizes. Hollow can. Insulating 
stand. Gold-leaf electroscope. Insulated tinfoil roller- 
blind. Electrophorus. Soap-bubble apparatus. Two 
insulated metal discs of different size. Proof plane. 
Simple condenser. Pith-ball electroscope. Leyden jar. 
Discharging tongs. Skeleton Leyden jar. Leyden jar 
battery. Wimshurst machine. Universal discharger. 
Sheet of thin glass and narrow glass tubing. Gun- 
powder. Tinfoil. 

Capacity of a Conductor. — When two insulated con- 
ductors, one of which is charged, are brought into contact, the 
charge spreads over both conductors. The uncharged con- 
ductor becomes charged as we have learnt, but we do not as 
yet know what fraction of the original charge has been trans- 
ferred to it. We may safely anticipate that the amount which 
is transferred will depend upon the size of the uncharged 
conductor — we should expect a larger conductor to receive a 
larger fraction of the original charge than would be the case if 
the conductor were small. 

We know that the potential of the two conductors will 
become the same as soon as they are brought into contact, but 
it does not follow that the quantity of electricity will be the 
same on each. We should, of course, expect the 6nal potential 
to be less than that of the charged body before contact was 
made, since the same number of lines of force which formerly 
originated from the charged conductor will now be distributed 
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over a larger area. These points may be investigated by the 
following experiments. 

Expt. 99. — Obtain two or three metal spheres of different 
sizes, each mounted on an insulating support. (Instead 
of the spheres, bottles of different sizes may be used, see 
footnote, p. 172.) Place a hollow can on the top of the 
electroscope disc. Charge one of the spheres by means 
of an electrophorus, and touch it with an uncharged 
sphere. Both spheres are now charged to the same 
potential. Convey the larger sphere to the electroscope, 
lower it into the can, and allow it to touch the inner 
surface. The whole charge is now transferred to the 
can and electroscope. Withdraw the sphere, and observe 
the divergence of the leaves. Discharge the electroscope. 
Proceed in the same manner with the smaller sphere. 
Notice that the divergence is much less. Hence the 
larger portion of the charge was on the larger sphere. 
We say that the spheres have not the same capacity for 
electricity. 

The capacity of a conductor evidently depends upon its 
size ; and a larger conductor evidently requires more electricity 
to raise it to a given potential than a smaller conductor will 
require. 

The capacity of a conductor is measured by the 
quantity of electricity which must be given to it in 
order to raise its potential to a given amount.^ 

^ ^ Quantity of electricity (Q) 

Or, Capacity = — ,. - , . , 

Potential to which it is raised by Q 

From this definition we see that if the capacity of a con- 
ductor increases while the quantity of electricity on it remains 
constant, then its potential will become less. 

1 (i. ) A small insulated conductor is charged with unit Quantity of 
electricity when it is repelled with a force equal to 1 dyne by a similar 
conductor charged with an equal quantity and placed i centimetre 
distant. 

(11. ) An electrified body has vmt Potential when i erg of work must 
be done in conveying an insulated conductor, charged with unit quantity, 
from a great distance up to the surface of the electrified body. 

(iii. ) An insulated conductor has unit Capacity when unit quantity of 
electricity is required to raise its potential through one unit. 



iSS CAPACITY CONDENSERS LEYDEN JARS part ii 


Expt. ioo. — Connect a large insulated sphere to the electro- 
scope by means of a long thin wire. Give a small 
charge to the sphere by means of the electrophorus. 
Notice the divergence of the leaves. Bring an insulated 
uncharged sphere into contact with the charged sphere. 
Observe the diminution of the divergence, showing that, 
although the total quantity of electricity is the same, the 
potential is less. Repeat the experiment, using a larger 
uncharged sphere, and observe the greater diminution of 
divergence. 

The same result may be obtained by the following 
method : — 

Expt. ioi. — ( i.) Make a tinfoil roller-blind by fixing one 

end of a sheet of 
foil (30 cms. X 20 
cms.) to a piece of 
wide glass tubing. 
Insert corks in both 
ends of the tube, 
and fix a wire -nail 
through the axis of 
each cork. The 
glass roller is sup- 
ported by the nails 
resting on the bent 
ends of two glass 
uprights, the lower 
ends of which pass 
through the corks of 
two bottles weighted 
with sand. The 
blind can be rolled 
up and down by 
attaching the end of 
a silk thread to one 
of the corks, and winding it round the end of the roller 
(see Fig. 128). The blind is thus an insulated con- 
ductor. Connect one of the lower corners of the blind 
to the disc of an electroscope by means of a long thin 
wire. Charge the blind by means of the electrophorus. 





CHAP. XIII 


ELECTRICAL, CAPACITY 


1S9 

Observe the divergence of the leaves. Pull the thread, 
and slowly roll up the blind ; obsen,-e how the divergence 
increases. The charge is restricted to the outer surface, 
so that as the blind is rolled up the charge is distributed 
over a much smaller area ; the surface, and therefore the 
capacity, of the conductor is less. The C|uantity of elec- 
tricity remains the same, hence the potential will be 
raised, and will cause an increased divergence of the 



Fig. 129. — To illustrate E.xpt 101 (ix.). 


leaves. Lower the blind, and notice how the leaves 
partially collapse. 

The same result may be arrived at by using a charged 
insulated soap-bubble. 

(ii.) Bend a thistle - headed glass tube at right angles; 
attach to it a wide glass tube filled with granulated 
calcium chloride, to the other end of which is connected 
a length of narrow rubber tubing provided with a metal 
clip. Support the glass tube on an insulating stand (or 
paint the outside of the tube with melted paraffin-wax to 
ensure good insulation, and fix the tube in an ordinary 
wooden clamp) (Fig. 129). Wrap a thin copper wire 
two or three times round the thistle tube, and turn the 
free end inside the thistle head ; connect the other end 
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of the wire to an electroscope. Raise a small dish of 
soap solution until the thistle head dips into the solution ; 
remove the dish ; open the clip, and blow a small soap- 
bubble. Charge the bubble, and observe the divergence. 
Blow the bubble larger, and observe the diminution of 
divergence. Now suck the air out of the bubble, and 
observe the increase of divergence. The capacity of a 
large soap-bubble is evidently greater than that of a 
small bubble. 

The changes in divergence are not great, and are 
more successfully observed if an insulated paper scale is 
placed inside the electroscope and just behind the 
leaves (Fig. 129). 

The Capacity of a Conductor depends upon neigh- 
bouring' Conductors. — So far we have only considered the 
relationship between the capacity and the size of a conductor. 
Is the capacity affected in any way by the presence of neigh- 
bouring conductors (either insulated or earth-connected) ? 

Expt. 102. — Charge an electroscope -f-ly. Observe the 
divergence of the leaves. Hold the hand just above the 
disc, and observe how the divergence is less than before. 
When the hand is removed the divergence increases to 
its original value. The conductor {i.e. the disc and 
leaves of the electroscope) did not change in size, nor 
did the quantity of electricity on the conductor alter, yet 
the potential was reduced. Evidently the “ capacity ” of 
the conductor was increased by holding the hand over 
the disc. 

The diminution of potential is explained by remembering 
that the + ve charge on the electroscope will induce a — ve 
charge on the under-surface of the hand. This induced — ve 
charge will create a region of — ve potential in its neighbour- 
hood, thus causing a reduction of the -fve potential of the 
electroscope (see Fig. iii, /I). 

Expt. 103. — (i.) Hold an insulated metal plate over the 
disc of a -f- ly charged electroscope. The — ve charge 
induced on the lower surface of the plate tends to lower 
the potential in the region round the electroscope, while 
the -f-ve charge induced on the upper surface tends to 
raise the potential. Since the former is nearer to the 
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electroscope than the latter, the diminution will slightly 
exceed the increase. Hence the potential of the electro- 
scope is lowered very sllghtl3\ Observe the slight 
diminution in the divergence of the leaves. The thicker 
the metal plate the more distant will be the induced 
4 -ve charge, hence a thicker plate will diminish the 
potential of the electroscope more than a thin plate. 

(ii.) Touch the metal plate while still holding it in the same 
position. The divergence of the leaves is reduced still 
more. The induced +ve charge has disappeared, and 
no longer tends to raise the potential. The result is 
exactly the same as holding the hand at the same dis- 
tance above the disc of the electroscope (see Fig. 1 1 1, Ji). 

The tendency of the lines of force to accumulate on the side 
of the charged conductor facing the earth-connected conductor 
may be verified in the following manner : — 

Expt. 104. — Charge an insulated sphere ; the density of the 
charge is uniform. Hold a metal plate in the hand and 
near to the sphere. Touch the near side of the sphere 
with a proof plane, and test the density of the charge 
by means of an electroscope. Observe the divergence, 
and discharge the electroscope. Test the distant side 
of the sphere in the same manner, and observe that 
the density is much less. Hence the charge has become 
accumulaicd on the side facing the earth -connected 
conductor. 

This tendency of the charge to accumulate (or to become 
piled up) owing to the presence of a neighbouring earth-con- 
nected conductor is termed the condensing of electricity^ and 
any arrangement of conductors which fulfils this condition is 
termed a condenser. 

A condenser may be defined as any arrangement Toy 
•which the capacity of a conductor is artificially 
increased. 

From Expt. 103 ive see that the most favou 7 -able arra^zge- 
inezit for a cozidenser is to bring azt earth-coziziecfed conductor 
ziear to an izisulatcd chazged cozzductor. 

Condensers. — Upon what conditions does the capacity of 
a condenser depend ? Does it depend in any way upon the 
size of the conductors, or upon the distance apart, or upon the 
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medium -which separates the two conductors ? The following 
experiments will help to answer these questions, 

Expt. 105. — Charge an insulated sphere, which is connected 
to an electroscope by means of a long thin wire. Hold 
in the hand a disc of metal, much smaller in diameter 
than the sphere, about 3 or 4 cms. away from the sphere. 
Observe the diminution of divergence. Remove the 
' small disc, and hold a much larger disc at the same 

distance as before. The divergence is diminished much 
more than before. Hence the larger disc has caused a 
greater diminution of potential — or, in other words, the 
capacity of the condenser is much greater when the 
large disc is used. 

Hence, capacity depends directly upon the area of 
surface of the t-wo conductors. 

Expt. 106. — Using the larger metal disc as in Expt. 105, 
now vary the distance. Observe that, as the disc is 
gradually moved towards the sphere, the potential 
gradually diminishes. 

Hence, the capacity of a condenser is greater when 
the distance separating the conductors is diminished ; 
or, the capacity is inversely proportional to the dis- 
tance apart. 

In future experiments it is better to use a more elaborate 
form of condenser, consisting of two vertical metal plates (about 
I 5 cms. square) fastened to horizontal rods of sealing-wax, to 
serve as insulating supports (Fig. 1 30). The plates are readily 
made of sheet zinc or copper. 

Expt. 107. — Connect plate A to an electroscope by means 
of a long thin wire, and connect B to earth. Charge the 
plate A. Observe the divergence when B is about 20 
cms. distant from A. Slowly move B towaixis A, and 
observe the diminution of divergence. Slowly remove 
B, and observe the gradual increase of divergence. 
The plates A and B constitute a simple form of con- 
denser, in which the capacity of A is artificially raised 
by the presence of B. 

Expt. 108. — (i.) Place B about 3 cms. from A, and charge 
A, Carefully insert a square slab of parafBn-wax (about 
I cm. thick, and about the same area as the plates) 
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between A and B. Notice the diminution of divergfence, 
and how it increases to its original value when the slab 
is removed. (The diminution will be comparatively 
small, and will require careful observation.) 

(ii.) Insert a slab of plate-glass (6 to 8 mms. thick) between 
A and B. The diminution of the divergence is much 
more marked than when paraffin-wax was used. 

We thus see that the capacity of a condenser depends 
largely upon the medium through which the lines of 



Fig. 130. — A simple form of condenser (as used in the Elementary Physical 
Laboratory, The Owens College, Manchester). 


force pass. The medium is generally termed the dielectric, 
because the electrical forces between the plates are transmitted 
throiigh the medium. 

In these experiments the effect of replacing a portion of the 
air by paraffin-wax or glass is the same as if the conductors 
had been brought still nearer together. The wax and the 
glass seem to transmit the force more readily than air. This 
varying power of transmitting the lines of electric force is 
termed the Specific Inducti'sre Capacity (S.I.O.). The 
S.I.O. of glass is greater than that of wax, and that of wax is 
greater than that of air. Nearly all insulating solids have a 
higher S.I.O. than air. 


o 
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The Field of Force of a Simple Air-Condenser 

(i.) Lines of Fo 7 -ce . — When the simple condenser vised in 
Expt 107 is charged, and the two plates are close together, 
nearly all the lines of force pass through the intervening air- 
space from A, which has -f ve potential, to B, which has zero 



Fig. 131. — The field of force due to a simple condenser. 

potential. A fezv lines of force may proceed from the outer 
surface of A towards the walls of the room (Fig, 131,1.). If 
B is now insulated and removed to a distance, far more lines 
of force will pass from A towards the walls of the room, and 
fewer will pass through the dielectric. Some lines will pass from 
the walls of the room to the outer surface of B. Thus, there 
will he a small free charge on both plates, ■+■ ve on A and - ve 
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on B (Fig. 1 3 1, ii.). If the plates are removed to a much 
greater distance apart, then the charges on each plate will be 
uniformly distributed over both surfaces. 

Fig. 1 31 (iii.) represents the field of force and a pith-ball 
suspended in the field by means of a silk fibre. It serves 
as a conducting bridge for some of the lines of force between 
A and B. If nearer to A it will be drawn towards it ; and 
when in contact with A it will be attracted by B (Fig. 1 3 1, iv.). 
At each contact with a plate the lines of force between the ball 
and the plate will be destroyed. Thus Fig. 131 (v.) represents 
the lines of force which will remain after touching the plate B. 
The pith -ball will swing to and fro until the condenser is 
discharged. 

Expt. 109. — Charge the condenser, and suspend a gilt pith- 
ball by means of a silk fibre in the field between the 
plates. Notice the vibration of the ball between the 
plates. 

If both plates are placed as in Fig. 13 1 (i.), and B is insu- 
lated after A has been charged, then the condenser can be 
slowly discharged by alternately touching A and B with the 
finger, beginning with A. This may be explained in the 
following manner. When A is touched, the lines of force on 
the distant side, which represent the so-called free charge^ will 
be destroyed, and they will be replaced by other lines of force 
which formerly traversed the dielectric towards B ; an equal 
number of lines on B will consequently be set free, which will 
be destroyed when B is touched. This will cause a small free 
charge on A, which will be discharged at the next contact 
with the finger. Thus, the total number of lines of force 
between A and B is gradually diminished ; the condenser is 
discharged by aife 7 'nate contacts. This may be experimentally 
verified in the following manner : — 

Expt. i 10. — Make a hoop (about 8 cms. diameter) of thin 
copper ware with the two ends about 3 cms. apart. Fix 
gilt pith-balls on the ends of the wire. Suspend this 
from an earth-connected support, so that it can swing to 
and fro like a pendulum (Fig. 132). Place the con- 
denser plates between the pith- balls, and as close 
together as possible. Earth-connect B, and charge A. 
Now insulate B, and separate the plates slightly. The 
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pith-balls swing to and fro, alternately touching A and 
B, until the condenser is discharged. 

The attraction of the pith-balls proves that there are souie 
lines of force proceeding from the outer surface of the plates. 
Since the pith-balls are earth-connected, the experimental result 
is the same as though the plates had been alternately touched 
with the finger. 

(ii.) PoteniiaL — When the condenser is charged the 
potential of A is -fx^e and that of B is zero. Hence the 



potential diagram would resemble Fig, 133 (i.). The potential 
would gradually diminish in value as we proceed from A to B. 
Outside A the potential will slowly fall, and become zero at the 
walls of the room. 

If B is now disconnected from the earth, and removed to a 
greater distance from A, its induced — ve charge will now give 
to it a -ve potential. Points nearer to A will have a higher 
-fve potential than before, and points nearer to B will now 
have a — ve potential. At some intermediate point the potential 
will be zero. If the plates were very close together when the 
condenser was charged, the + ve and - ve charges on A and 
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B will be approximately equal in amount ; in this case the 
point of zero potential will be midway between A. and B (Fig‘- 
“■)■ Outside the plate A there will be a region of -f ve 
potential gradually diminishing to zero; outside B there is a 
region of — ve potential which gradually increases to zero at 
the walls of the room. 

Expt. I I I. — -(i.) Charge the condenser, with the plates about 
8 cms. apart. Connect the plate O (Fig. 130) to an 
electroscope by means of a thin wire ; holding it by its 



Fig. 133. — Potential diagram of a simple condenser. 


insulating handle, place it between A and B, and parallel 
to both. Observe that the divergence is greater when O 
is nearer to A, and gradually diminishes as it is moved 
towards B. While O is in position, remove the con- 
necting wire by means of an insulating handle, and 
verify that the charge on the electroscope is -fve. 

(ii.) Move C to a distance, and connect up to the electro- 
scope again. Without discharging A or B, move B 
about 1 6 cms. away from A. Explore the field between 
A and B as before. The leaves diverge when C is 
near A, and gradually collapse as O is moved towards 
B ; when moved still nearer to B the leaves again 
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diverge. Now remove the connecting wire, and verify 
the - ve charge in the electroscope, showing that the 
region near to B is one of — ve potential. 

Transfer of Electricity through a Conductor. — In 
Expt. 1 09 a movable conductor, in the form of a pith-ball, was 
used in order to transfer the electrical charge from one plate of 
the condenser to the other, and so to equalise their potentials 
(or, in other words, to remove the electric lines of force 
between the plates). The same result may be obtained by 
connecting the oppositely charged plates by means of a con- 
ductor, The difference of potential between the two ends of 
the conductor will cause a “ flow ” of electricity along its length 
from the plate at higher potential to the plate at lower potential, 
and the “ flow ” will continue until the potentials at its two ends 
are equal. Moreover, the rate of flow will depend upon the 
conducting power of the material used — a copper wire will 
remove the electric lines of force more rapidly than will a 
cotton thread. 

Expt. 112. — Connect one plate of a simple condenser to a 
gold-leaf electroscope, and connect the other plate to 
earth. Charge the condenser. Lay a cotton thread across 
the upper edges of the condenser plates, and observe that 
the divergence of the leaves sloivly diminishes. Repeat 
the experiment, but use copper wire instead of cotton, 
and notice that the leaves collapse instantaneously when 
the plates are connected together. 

Disruptive Discharge. Expt. 113. — Slowly bring the 
knuckle near to a charged electrophorus disc ; when at 
a short distance a feeble spark passes between the disc 
and the knuckle. The insulating power of the air has 
broken down, and the disc has been discharged by 
disrt(ptio 7 t of the dieleci 7 '‘ic. 

The lines of force from the disc were concentrated in that 
region towards which the knuckle was pointing. The nearer 
the knuckle the greater the concentration ; and when the con- 
centration reaches a certain limit the tension of the lines of 
force overcomes the insulating power of the air, and a dis- 
charge of electricity takes place between the disc and the 
knuckle. We say that the electric strain overcame the dielectric 
strejtgth of the air. 
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Most insulating solids and liquids have a much greater 
dielectric strength than air; the dielectric strength of oil is 
five times as great as that of air. If, in Expt. 113, \xe had 
separated the knuckle from the disc by a sheet of thin glass, 
mica, or paraffined paper, it would have been possible to bring 
the knuckle much nearer without causing disruptive discharge. 
Therefore the plates of a condenser may be placed much 
nearer together if a solid dielectric is used. 

Usual Form of Condenser. — The most usual form of 


condenser consists of a large number of sheets of tinfoil 
separated from each other by 


sheets of paraffined paper ; alter- 
nate sheets of the foil are con- 
nected together, so that the area 
of surface of the two conductors 
is many times greater than that 
of a simple two-plate condenser 
(Fig. 134). 

The Leyden Jar. — This is 
a simple form of condenser which 
derives its name from the fact 
that it was first used by Van 



Fig. 134. — Diagram of ordinary 
form of condenser. 


Musschenbroek, a professor at 

Leyden, in Holland. It consists of a glass jar, coated outside 
and inside with tinfoil to within 2 or 3 cms. of the top. It 
may therefore be regarded as a condenser consisting of two 


parallel plates separated by a glass dielectric. The jar is 
provided with a wooden lid, through the centre of which 
passes a brass rod, terminating above in a brass knob ; a short 
length of metal chain is attached to the lower end, and of 
sufficient length to touch the tinfoil lining. The tinfoil lining 


serves as the insulated conductor, which may be conveniently 


charged through the knob ; the jar is either placed on a table 
or held in the hand, so that the outer coating is consequently 


earth-connected (Fig. 135). 

Expt. i i 4. — Place a Leyden jar on the table. Bring the 
charged disc of an electrophorus into contact with the 
knob ; repeat this five or six times. The jar is now 


charged. Hold the knuckle near to the knob, and ob- 
serve the slight shock which is felt when the spark passes. 
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As a rule it is advisable not to discharge the jar through 
the body in this manner, since a powerful discharge may have 

serious consequences. A 
safe method of discharging 
the jar is afforded by the 
disch-arg-ing tongs (Fig. 
135), which consist of a 
jointed brass rod with brass 
balls at each end, and pro- 
vided with glass handles. 
To use the tong's, place one 
knob in contact with the 
outer coating, and bring 
the other knob towards the 
knob of the jar. 

A much simpler method 
of charging the jar is to 
bring the knob into contact 
with a terminal of a Wims- 
hurst machine (see Fig. 
141), the other terminal of which is connected to the nearest 
gas or water pipe. In subsequent experiments it will be 
assumed that this method of charging is adopted. 

Besidual Charge of a Leyden Jar. Expt. 115. — 
Charge a Leyden jar, which is standing on a table ; 
bring one knob of the discharging tongs in contact with 
the outer coating of the jar, and gradually bring the 
other knob near to the knob of the jar as though to dis- 
charge it. As soon as a spark passes, remove the tongs. 
After a short interval a second spark, shorter than the 
first, will be obtained ; and it may be possible to obtain 
a third and fourth spark. These subsequent discharges 
are said to be due to the residtial charge. 

The glass dielectric is in a strained condition, from which 
it does not recover instantaneously when the first spark passes ; 
a portion of the original strain remains, and this enables a 
second spark to be obtained. The phenomenon may also be 
explained as due to the fact that glass is not an absolutely 
perfect insulator, and that the charges on opposite sides of the 
glass are to a slight degree drawn into the substance of the 



Fig. 135. — Leyden jar and discharging 
tongs. 
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glass itself. Only that portion which remains on the surface 
of the glass is discharged by the first spark, after which the 
charges inside the glass slowly return to the surface, and give 
rise to the subsequent sparks. 

Seat of the Charge of a Leyden Jar. Expt. i 16. — 
(i.) Use a Leyden jar of which the coatings can be readily 
removed (Fig. 136). Charge the 
jar. Lift out the inner coating by 
means of the discharging tongs, 
and place it on the table. Lift out 
the glass jar. Replace the glass 
jar, and also (J)y means of ihe io 7 tgs) 
the inner coating. A powerful dis- 
charge may be obtained 
(ii.) Recharge the jar, and separate 



the parts as before. Hold the glass 
jar in the left hand, and insert the 
right hand inside the jar so as to 
touch the sides. Notice the numer- 
ous slight discharges which are 
obtained. Replace the parts, and 
verify that the jar is now dis- 
charged. 

Evidently the opposite charges are dis- 
tributed over the surfaces of the glass, 
and are not confined to the metal coatings. 

Leyden Jar Battery. — In order to 
obtain more powerful effects, a number of 
jars may be placed together inside a box 



lined with tinfoil. The knobs are all connected together by 


metal bars, and the outer coatings are connected together by 


the tinfoil lining in the box. The arrangement now has the 
capacity of one immense jar, and is termed a Leyden Jar 
Battery (Fig. 137). The lining to the box is connected by a 
wire to the nearest gas-pipe. Fig. 138 represents the method 
of discharging a jar through a Universal Discharger, w^hich 
consists of two brass rods supported by ball-and-socket joints 


on the top of glass uprights. 

The properties of the discharge from a Leyden jar battery 
may be shown by the following experiments : — 
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Expt. 1 17. — (i.) Insulate a sheet of thin glass, and place it 
between the metal points of a universal discharger. 
The discharge may be sufficiently intense to puncture 
the glass. If the sheet is small the discharge may pass 
round the edge of the glass in preference to the shorter 
path through the glass. This may be prevented by 



fixing a short length of narrow glass tubing to the centre 
of the glass plate by means of sealing-wax ; the wax 
must not occupy the bore of the tube, but must form the 
joint outside the tube. A piece of thick copper wire, 
slightly longer than the tube, is placed inside the tube, 
one end touching the glass plate, and the other end 
touching an arm of the discharger. 

This phenomenon sometimes occurs in the process of 
charging a Leyden jar when the discharge punctures the glass 
jar and renders it useless. This is likely to occur if the tinfoil 
coatings are not sufficiently high to allow the discharge to pass 
round the outside of the neck of the jar in preference to 
puncturing the glass. 
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(ii.) Place a small heap of gunpowder on a suitable stand 
between the points of the discharg-er. The spark will 
not fire the gunpowder, but will scatter it in all direc- 
tions. Repeat the experiment, but connect one arm of 
the discharger to the tongs by means of a short piece of 
wet thick string, which, being a poor conductor, hinders 
the rapidity of the discharge. The gunpowder now 
ignites, showing that when the mechanical disturbance 



Fig. 138. — A universal discharger. 


due to the spark is lessened the heat of the spark is 
sufficient to ignite the powder. 

(iii.) The same effect may be shown by connecting the 
arms of the discharger by means of a short narrow strip 
of tinfoil (abdut 0.5 mm. wide). The spark will com- 
pletely destroy the foil. 

To charg'e a Leyden Jar negatively from the 
Positive Terminal of a ‘Wimshurst Macliine. 
Expt. I 18. — Place a Leyden jar on an insulating stand. 
Connect the inner coating of the jar to earth by means 
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of a wire, and connect the outer coating to the terminal 
of the machine. The outer coating receives a +ve 
charge from the machine, and induces a - ve charge on 
the inner coating. Quickly remove, by means of an 
insulating handle, the wire connected to the machine, 
and then remove the earthed wire. The outer coating 
may no^v be held in the hand, and the jar removed to 
the table. Verify the - ve charge on the inner coating 
by touching the knob with a proof plane. 

Further Experiments with the Leyden Jar. Expt. 
1 1 9. — Place a Leyden jar on an insulating stand, and 
connect the knob to the terminal of a Wimshurst 
machine. Hold a second jar in the hand, and bring the 
knob into contact with the outer coating of the first jar. 
After charging, remove the second jar, and prove, by 
means of the discharging tongs, that it is charged ; also 
verify the presence of a charge in the first jar. 

This experiment may be more clearly explained by Fig. 139 
(i.), which represents two simple condensers, AB and CD, 
which are connected together by a movable wire a. AB and 
CD are analogous to the insulated jar and to the jar held in 
the hand. After being charged A has 4-ve potential (V), and 
D has zero potential ; B and C are at the same potential {v)^ 
which is ' -f- ve, and intermediate between V and zero. The 
quantity of electricity on AB will be proportional to (V - z^), and 
that on CD will be proportional to {y o'). If the glass is of 
equal thickness in both, then the potential v will be equal to 

V 

that of a point midway between A and D, or i>~~. The 

separation of the jars is analogous to breaking the connecting 
wire a. 

Fig. 139 (ii.) represents the potential diagram when the 
glass is equally thick in both jars. The line abed represents 
the fall of potential through the two jars. If the glass is 
thicker in the first jar than in the second, then the potential 
diagram will be changed to Fig. 139 (iii.). 

Expt. 120.— Charge a Leyden jar, holding the knob i cm. 
away from the terminal of the machine. Discharge it. 
Again charge the jar, holding the knob in contact with 
the terminal. Discharge it, and notice that the jar is 
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more fully charged than in the former case. This differ- 
ence is due to the fact that in the former case the knob 
does not acquire the same potential as the terminal, 


A 7) 



Fig. 139. — To Illustrate Expt. 119. 


because sparks cease passing across the air-gap when the 
difference of foiential is insufficient to overcome the 
dielectric strength of the air. In the second case the 
knob acquires the same potential as the terminal, and 
therefore receives a larger charge. 
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The Elnerg-y of a Oharge. — Imagine that a large insu- 
lated sphere is charged by successive small charges of i unit 
each, conveyed on a small insulated sphere from a distance. 
The work required in order to carry a unit charge "will be 
greater at the end of the process than at the beginning, because 
the potential of the sphere gradually increases, and, from the 
fundamental definition of potential, the amount of work i-equired 
is measured by the potential. Hence the total work required 
will be measured by the number of units of electricity conveyed 
multiplied by the average work required to convey one unit {i.e, 
by the average potential). 

Imagine that each unit of charge raises the potential by an 
amount v. 

The carrying of the first test-charge will require no work, and 
will give potential — v to the sphere. 

The carrying of the second test-charge will require v units of 
work, and will give potential = 2v to the sphere. 

The carrying of the third test-charge will require 2v units of 
work, and will give potential = 3V to the sphere, 
and so on. If five test-charges are conveyed to the sphere in 
succession, the total work will be (o + v + 27^ + + 4 v) = lov 

= (5 X 2 v) ; or, 

The total 7 Vork done = The member of units convened 
X The average potential. 

If Q = the number of units conveyed, and V = the potential 

V 

when full, then the average potential = —. 


V / 

Work done == Q x ( o 



But the energy which is stored up in the charged body is equal 
to the work done in the process of charging, hence 

QV 

Energ-y=:— ^ ; 


or, the energy of a charge is equal to one-half the 
product of the quantity and the potential. 


/ . Q 

f Since Tf = energy may also be written — 


O' 


1 See p. 187. 
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Chief Points of Chapter XIII 


The Capacity of a conductor is measitrcd by the qziafitiiy of 
electricity which znztst be givezi to it i?i order to raise its foteniial to a 
givezi anioimt. 


Capacity = 


Quantity of electricity. 

Potential to which the conductor is raised. 


The capacity of a conductor depends upon (i. ) its size and (ii.) the 
presence or absezice of neighbouring condnetors. A large conductor 
requires more electricity to raise it to a given potential than a smaller 
conductor. The capacity of a conductor is increased by the presence 
of a neighbouring uncharged conductor, and the increase is greater 
when the latter is earth-connected. 

A Condenser is any arrangement by wEich the capacity of a con- 
ductor is artificially increased. 

The capacity of a condenser depends directly upon the area of 
surface of the two conductors, inversely upon their distance apart, and 
is also dependent upon the medium between the conductors. 

Different insulating substances have different powers of transmitting 
electric lines of force. This power is called the Specific Indiictzve 
Capacity. 

Plectric Discharge may take place by means of (i.) a movable 
carrier, (ii. ) through a conductor. It may take the form of a dis- 
ruptive discharge^ when the electric strain overcomes the dielectric 
strength of the medium. 

Forms of Condensers. — (i.) The Leyden Jar consists of a glass jar 
coated inside and outside to within a short distance of the edge with 
tinfoil. 

(ii.) A frequent form of condenser consists of numerous sheets of 
tinfoil, insulated from each other by means of paraffined paper. 
Alternate sheets are connected together so as to form two large con- 
ductors placed close together and insulated from each other. 

The Seat of the Charge in a Leyden jar is on the surfaces of the 
glass, and not on the metal coatings. 

The Disruptive Discharge from a Leyden jar has considerable 
penetrative power, and can pierce through a sheet of glass. It is 
capable of effecting mechanical disruption in other ways, and also 
generates much heat. 

The Potential to which a Leyden jar is charged by a Wims- 
hurst machine is greater when the knob actually touches the terminal. 


Questions on Chapter XIII 

I. Describe how to make and how to use an electric (electrostatic) 
condenser. 
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2. A Leyden jar is held in the hand by its outer coating, and the 
knob is presented to the prime conductor of an electrical machine in 
action. Describe the resulting charged condition of the jar, and 
explain why it is safe to put the charged jar down on the table. 
Explain why you receive a shock on touching the knob when the jar 
is standing on the table, but not so when you or the jar stand on a dry 
cake of resin. 

3. An electrified drop of water, supported by a non-conductor, 
evaporates. Assuming that the vapour is not electrified, what changes 
will the potential of the drop undergo ? 

4. Two parallel insulated metal plates, A and B, are placed a 
small distance apart, and one of them (A) is charged with positive 
electricity. Draw a picture showing the lines of electric force between 
and around them. How will the lines be altered when B is earth- 
connected ? 

5. Two similar vertical insulated plates, A and B, are placed 
parallel to each other and about an inch apart. Each is connected to 
the cap of a separate gold-leaf electroscope. State and explain the 
indications of the electroscopes when (i) a positive charge is given to 
A, and afterwards (2) B is touched. 

6. A sheet of tinfoil is suspended by a dry silk thread and charged 
as highly as possible by an electrical machine, but on discharging it 
only a slight spark is obtained. If the tinfoil is placed on a sheet of 
dry glass lying on the table, a bright spark can be obtained after the 
tinfoil has been charged by the machine. Explain the cause of the 
difference. 

7. How do you explain the fact that a Leyden jar cannot be highly 
charged 'unless its outer coating be earth-connected ? 

8. A Leyden jar standing on an insulating stool is electrified by a 
machine, while its outer coating is touched by the knob of an exactly 
similar Leyden jar of which the outer coating is held in the hand. 
The first jar is then disconnected from the machine, is taken in the 
hand by its outer coating, and is presented with its knob to that of the 
second jar. Does a spark pass ? Give reasons for your answer. 

9. Describe the construction of the Leyden jar, and give reasons 
based (r) on experiment and (2) on theory for believing it can be used 
to store up a relatively large charge of electricity. 

10. The inner coa,ting pf a Leyden jar is connected by a wire with 
the prime conductor of an electrical machine and also with a gold-leaf 
electroscope. If the jar rests upon a sheet of glass, a quarter of a turn 
of the machine produces a large divergence of the leaves of the electro- 
scope. If the glass be removed, ten turns of the handle are required 
to produce the same divergence. Explain this. 



CHAPTER XIV 

ELECTRICAL MACHINES ACTION OF POINTS 

ELECTRICAL DISCHARGE 

Apparatus required . — Glass cylinder machine. Wimshurst 
machine. Copper wire. Needles and soft wax. Candle. 
Metal plate with insulating handle. Gold-leaf electro- 
scope. Hamilton’s mill. Large insulated sphere. 
Hollow tin. Insulating stand. Apparatus for showing 
character of discharge through rarefied air. Sheet of 
cardboard. Thin string, and five pairs of pith-balls 
supported on cotton. Starch-paper. 

An Electrical Machine. — We have found that a body 
may become electrified either by friction or by mduction. 
Any mechanical appliance designed to produce these effects 
on a large scale is termed an electrical macJd?ie. The electro- 
phorus may be regarded as a simple example of an electrical 
machine, depending for its action upon the principles of Statical 
Induction, but it is unsuited for the generation of large 
electrical charges. 

The earliest forms of machines were mere elaborations of 
the simple experiment in which a rod of sulphur or resin is 
charged — ly when rubbed with the dry hand ; at a later date 
glass was substituted for the sulphur, and suitable rubbers 
were used instead of the hand. Such machines may be termed 
frictional electrical machines, as distinct from induction 
(or influence) machines, which for all experimental purposes 
have almost entirely replaced the former type. 

The Grlass Cylinder Machine (Fig. 140). — This con- 
sists of a glass cylinder mounted on a horizontal axis which 
P 
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can be rotated by means of a handle. The cylinder, when 
rotated, is electrified + ly by rubbing against a pad of silk or 
one of leather smeared with an amalgam of tin, zinc, and 
mercury ^ (which is lower in frictional order than silk). In 
the earlier types of this machine the electric charge was 
collected from the surface of the glass by a metal chain which 
hung against the cylinder on the opposite side to the pad. 
Franklin replaced the chain by a 7netal co7?tb, the teeth of 



which point towards and nearly touch the surface of the glass. 
The comb is acted upon inductively by the charged glass, 
and the surface density of the induced — ve charge on the 
teeth is naturally very high — so much so that, as Franklin 
discovered, a stream of air electrically charged — ly is driven 
from the points towards the glass (see Action of Poi7its^ p. 
214 ). The — ly charged air impinges on the surface of the 
glass and neutralises the charge on its surface ; on passing 
the rubber a second time the glass is again electrified. 

The metal comb is usually connected to an insulated metal 
cylinder, over which the induced +ve charge will be distri- 

^ The amalgam, is made by melting together one part by weight of 
tin and one part of zinc, and adding the molten alloy to two parts by 
weight of mercury. The amalgam is mixed with thick grease sufficient to 
enable it to be smeared evenly over the surface of the leather pad. 
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buted ; the cylinder will have a high -f ve potential, and will 
yield a constant succession of sparks when the knuckle is held 
near to it, since its potential will be maintained by the freshly- 
charged glass cylinder. 

Since the glass acquires its +ve charge from the rubber, 
the machine will only continue to supply + ve electricity if the 
rubber is earth-connected by means of a wire or metal chain. 
If the machine is required to give — ve electricity the comb is 
connected to earth, and the rubber is mounted on an insulat- 
ing support and provided with a convenient metal knob for 
removing the charge. If both comb and rubber are insulated 
and connected together by a metal wire, a continuous passage 
of 4-ve electricity will take place along the wire from the 
comb to the rubber — we say that a current of electricity would 
then pass through the wire. 

The cylinder machine only works satisfactorily in a dry 
atmosphere and is consequently not altogether reliable ; for 
this reason the modern influence machine has almost entirely 
superseded it 

The Wimshurst Influence Machine (Fig. 14 1). — 
Although numerous types of influence machines have been 
devised, yet the Wimshurst machine is so frequently adopted 
in this country that a description of it alone will suffice to 
exemplify the class to which it belongs. It consists of two 
circular plates of varnished glass, placed as close together as 
possible, and geared so as to rotate in opposite directions. On 
the outer surface of each* plate are fastened an even number 
of thin metal sectors, which serve both as inductors and 
carriers. Across the front is fixed a diagonal conductor 
terminating in metal brushes which touch the sectors as they 
pass ; a similar diagonal conductor is fixed across the back 
plate, but sloping in the opposite direction. The insulated 
collecting combs are placed at opposite ends of the horizontal 
diameter, and each comb has teeth projecting towards the 
sectors on both front and back plates. Tw’-o Leyden jars are 
often supported on the base-board of the machine, with their 
knobs connected to the collecting-combs' by movable wires. 
The combs are supplied with adjustable discharging knobs 
which are placed above 'the machine. 

The action of the machine is best explained by means of 



ELECTRICAL MACHINES 


PART 1 1 


a diagram (Fig. 142), in which the two plates are reiDre- 
sented as though they were tw^o cylinders of glass rotatin 
opposite ways as shown by the arrows. The neutralisin 
brushes are represented by and In order to start 

the machine it is sufficient if one of the sectors has a slightly 



Fig. 14X. — Winishurst machine. 


diffei'ent potential to that of the others ; as a rule this is the 
case, and the machine is then self-starting. Imagine that one 
of the back sectors at the top of the diagram has a slight +ve 
charge. When it comes opposite the brush it will act 
inductively on the sector touching giving to it a slight 
— ve charge, and simultaneously giving a + ve charge to the 
sector touching n^. These sectors, with their induced charges, 


bjo bu 
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leave the brushes and rotate into positions opposite the brushes 
and 71 ^ ; the sectors touching and will now receive 
induced + ve and — ve charges respectively, which they will 
retain after leaving the brushes. Thus, after one or two 
revolutions, all sectors approaching the left-hand comb will 



Fig. 142. — Theoretical diagram of a WImshurst machine. 


have + ve charges, and all sectors approaching the right-hand 
comb will have — ve charges. The sectors will be neutralised 
by the combs, the knobs connected to which will acquire 4- ve 
and — ve charges respectively. 

If the machine is found not to be self-starting it is sufficient 
to hold a piece of electrified vulcanite near to the front 
plate opposite the brush n^. 
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Action of Points. Expt. 121. — (i.) Attach a sewing- 
needle or a piece of copper wire with sharpened end to 

the terminal of 
a Wimshurst 
machine by 
means of soft 
wax, taking care 
that the needle 
is in metallic 
connection with 
the terminal. 
Connect the 
other terminal to 
earth. On turn- 
ing the machine, 
hold the hand 
near to the point 
of the needle, 

Fig. 143. — To illustrate Expt. 121. and nOtiCG the 

current of air 

which appears to be driven from the point. 

Hold a candle flame near to the point, and observe 
how it is blown aside (Fig. 143). 

(ii.) Transfer the needle to the other terminal, and earth- 
connect the terminal which carried the needle in Expt. 
1 2 1 (i.). Observe that the phenomena observed with the 
— ve terminal are the same as with the -f-ve terminal.^ 
(iii.) Darken the room and observe the dull glow of light 
which surrounds the point. 

(iv.) Allow the current of air from the point to impinge on 
a small insulated metal plate or sphere. Verify by 
means of an electroscope that the plate is charged with 
the same kind of electricity as that of the terminal to 
which the point is attached. Verify this statement by 
transferring the needle to the other terminal and testing 
the charge acquired by the metal plate. Evidently the 
stream of air which is repelled from the point is electric- 
ally charged. 

We know that the surface-density on the pointed end of an 
^ See footnote, p. 219. 
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irregularly-shaped conductor is great (see p. 178). In Expt. 
1 2 1 the surface-density at the point of the needle is so great 
that the air in contact with the point becomes charged with 
similar electrification, and is forcibly repelled away from the 
needle. This action continues until the conductor is dis- 
charged. Since electrical forces are mutual, then, if the point 
is free to move it should move in the opposite direction to that 
of the air current. 

Expt. 122. — Fix a Hamilton’s Mill (Fig. 144) to the 
terminal of the Wimshurst, and observe how the wheel 
rotates in the opposite direc- 
tion to that of the repelled 
air-currents. 

Expt. 123. — Fix small lumps of 
soft wax or sealing-wax on 
the end of the needle, and 
observe that the discharge 
from tbe point no longer takes 
place. 

If the needle is charged by induc- 
tion the same phenomenon of dis- 
charge is observed. 

Expt. 124. — (i.) Hold a needle 
in the hand, with its point 
towards the terminal of the 
machine. Interpose a candle 
flame between them, and observe how the flame is 
blown away from the point. 

(ii.) Hold an insulated metal plate between the point and 
the terminal, and verify that the plate is now charged 
with the opposite electrification to that which is found 
on the terminal. 

This experiment explains the action of lighbihtg conductors. 
During a thunderstorm the clouds are electrically charged and 
induce an opposite charge on the earth’s surface immediately 
beneath the cloud ; if the potential difference is sufficiently 
great a spark discharge (in the form of Iight 7 ti 7 ig) takes place 
between the cloud and any conductor projecting above the 
earth’s surface. By fixing an earth-connected metal point 
{i.e. a lightning con.ductor) over the building to be protected, 



Fig. 144. — Hamilton’s Mill 
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any + ly charged cloud will cause an induced — ve charge on 
the metal point, resulting in the partial or complete neutralisa- 
tion of the cloud’s charge. 

Electrostatic apparatus sliould be free from sharp’ 
points and edges. — From these experimental results we 
should anticipate that a charged insulated conductor would be 
unable to retain its charge if any portion of its surface is 
pointed. 

Expt. 125. — (i.) Fix a needle to the surface of a large in- 
sulated sphere. Charge it from an electrophorus, and 
quickly test the surface-density of its charge by means 
of a proof plane and electroscope. After a few moments, 
test it again, and observe how the sphere is nearly, if 
not completely, discharged. 

(ii.) Fasten a needle inside a hollow tin, place it on an 
insulating stand, and charge it. Observe by the same 
method as in (i.) that the tin does not lose its charge. 
This result would be expected, since the charge is 
entirely on the outer surface of the tin. 

This action of points explains why it is necessary to avoid 
sharp points in all electrostatic apparatus. 

Character of the Discharge from an Electrical 
Machine. I. Spark Discharge. Expt. 126. — (i.) 
Notice the sharp intermittent sparks which pass almost 
in a .straight line between the knobs of the machine. 
Separate the knobs still farther apart, and notice that 
the sparks are less frequent and trace out a zigzag path 
(Fig. 145). 

The diminished frequency of the sparks with increased 
distance of the knobs apart is due to the fact that a greater 
difference of potential is necessary in order to overcome the 
dielectric strength of the air, and a greater interval of time is 
required to charge the knobs to the required potential. The 
discharge always follows the path of least resistance, and dust 
particles floating in the air are sufficient to divert the dis- 
charge from a straight path into a variable and zigzag path. 

(ii.) Connect the two Leyden jars to the terminals of the 
machine, and notice that the sparks are less frequent but 
far more violent than before. The capacity of the knobs 
is now considerably increased by being connected to 
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the Leyden jars, and a far greater quantity of electricity 
must be collected in order to raise the potential of the 
knobs to a sufficient degree to cause a discharge between 
the knobs. Carefully bring the kfiobs together before 
completing the experiinent, 

(iii.) Attach a few small pieces of gummed paper to the 
surface of one of the glass discs of the machine, as near 
to the edge as possible. Darken the room, and observe 
the scraps of paper when illuminated by successive 



Fig. 145. — Consecutive spark dxscharges between the terminals of a 
\\hmshurst machine. (From a photograph.) 

sparks between the knobs. Notice that the paper seems 
to be absolutely at rest although they are really moving 
at a high speed. The duration of the spark is so brief 
that the discs do not move appreciably during the 
passage of a spark discharge. 

Influence of Atmospheric Pressure on the Spark: 
Discharg'e. — The character of the spark discharge largely 
depends upon the atmospheric pressure, and becomes con- 
siderably modified when the air between the discharging knobs 
is partially rarefied. 

Expt. 127. — Select a length of clean glass tubing about 
50 cms. long and 2 cms. internal diameter. Contract 
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the lower end in a blowpipe flame, and attach to it a 
length of thick- walled rubber tubing. Fasten a small 
glass reservoir to the other end of the rubber tubing 
(Fig. 146). Fix the apparatus verti- 
cally in adjustable clamps. Pour clean 
mercury into the reservoir until it is 
nearly full. Slowly raise the reservoir 
until the glass tube is full of mercury. 
Close the upper end of the tube with 
a rubber stopper through the centre 
of which passes a stout brass or copper 
wire terminating below in a metal knob 
(about p- 5 cm. diameter), and coat the 
surface of the stopper with melted soft 
wax to render it quite air-tight. Lower 
the reservoir sufficiently to expose the 
metal knob to view. Connect the 
terminals of a Wimshurst machine to 
the metal knob, and to the mercury 
in the reservoir. When the machine 
is in action, notice that the discharge 
between the knob and the top of the 
mercury column has now the character 
Fig. 146.— To illustrate of a luminous glow instead of a spark. 

Lower the reservoir still further, and 
notice that the discharge readily traverses a much 
longer distance than could be obtained if the air were 
not rarefied. 

All gases are bad conductors at ordinary pressure, but 
they become fairly good conductors when rarefied to an 
extreme degree. Moreover, the colour of the luminous 
discharge depends upon the gas which is present ; each gas 
gives a characteristic colour which enables the phenomenon 
to be of great service in chemical analysis and other branches 
of scientific work. 

Penetrative Power of the Spark Discharge. — The 
spark discharge has considerable penetrative power, and is 
capable of piercing holes through solid dielectrics in the same 
manner as found in the case of the discharge from a Leyden 
jar. battery (Expt. 117). 


// 
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Expt. 128. — Hold a sheet of cardboard between the dis- 
charging- knobs, and observe that each spark pierces a 
small hole through the cardboard ; notice also that each 
hole appears to have a slight burr on both sides, as 
though the discharge had simultaneously passed in both 
directions.! 

11 . Brush. Discharge. — This is obtained when the machine 
worked vigorously, but with the knobs too far apart to 



F iG. 147. — Brush discharge. 


discharge by sparks. Fig. 147 represents a brush discharge 
obtained from a large machine. 

Expt. 129. — Connect one terminal of the machine to earth. 
Darken the room, and observe the knob of the insulated 
terminal. The effect is improved if a metal plate is 
held in the hand a short distance away from the knob. 

! This experiment, and also Expt. 121 (11.), are difficult to explain on 
the assumption that electricity is of one kind only, and the results suggest 
that Negative Electricity is a reality and distinct from the so-called Positive 
Electricity. 
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Notice the slight hissing sound which accompanies the 
discharge. 

III. Glow Discharge.- — This form of discharge is always 
observed when the discharged terminal is a sharp point. Its 
character has already been observed in Expt. 121 (hi.). 

IV. Discharge through Conductors. — We see that the 
electric field of force between the terminals of a Wimshurst 
machine when in action may be destroyed rapidly by means 
of the spark discharge. A sequence of sparks will be ac- 
companied by the equally rapid destruction and remaking of 
the electric field of force. The energy used up in this process 
is derived from the mechanical work done in turning the 
machine. 

The field of force may also be destroyed by connecting the 
terminals together by means of a conductor. If a good 
conductor (such as copper wire) is used the field is almost 
instantaneously destroyed even before it acquires any consider- 
able intensity. In fact, we have two opposing tendencies, (i.) 
the machine tending to create a field of force, and (ii.) the 
conductor tending to destroy it, with the result that there is 
a steady “flow” of electricity along the wire, which continues 
so long as any potential difference is maintained between the 
ends of the conductor. A steady “flow” of electricity has 
already been observed in the discharge through rarefied air 
(which is a conductor) ; in this case the “flow” is visible. 

When the machine is in action there will be a gradual fall 
of potential between consecutive points of the wire, and the 
end in contact with the + ve terminal will have the highest 
potential. But copper is such a good conductor that the 
charges will not be able to accumulate in the terminals 
sufficiently to make the potential differences at all great. If a 
poor conductor, such as string or cotton, is used instead of 
copper, the discharge will be sufficiently slow to enable the 
machine to maintain a considerable potential difference 
between the terminals. The potential at various points along 
the string might be compared by connecting the points 
momentarily with a gold-leaf electroscope and observing the 
divergence of the leaves, but this instrument is too sensitive 
for such high potentials. The experiment may be more 
satisfactorily conducted by using several pairs of pith -balls 
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suspended by cotton threads from various points of the string ; 
the degree of repulsion of the pith-balls will indicate the 
potential of that point of the string to which they are attached. 
Expt. 130. — Stretch a piece of thin string AB (i metre 
long) between two vertical glass rods (40 cms. high). 
Connect the ends of the string to the terminals of a 
Wimshurst machine by means of copper wires. Suspend 
five pairs of pith-balls (on cotton threads) from equi- 



Fig. 148. — To niu.strate Expt. 130. 

distant points of the string. When the machine is in 
action notice how the greatest divergence is at A and 
E, less at B and D, and m 7 at O (Fig. 148, i.). Verify 
that the pith-balls at A are charged +ly by bringing 
near to them the charged plate of an electrophorus, and 
that the pith-balls at B are — ly charged by holding 
near to them an electrified rod of sealing-wax. The 
sloping line indicates the gradual fall of potential along 
the string. Place the finger on ■ the string at O. The 
divergence of the pith-balls is in no case altered, since 
O is already at zero potential. 
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Place the finger at E. The pith-balls at B collapse, 
those at O now diverge, and the divergences at A and B 
increase. This would be anticipated from the change in 
position of the potential line (Fig, 148, ii.). The potential 
at B has been raised to zero, and the potential at all other 
points will be raised to a corresponding degree, since the 
machine will maintain the same potential differe 7 ice 
between the terminals quite independently of the actual 
values of the potentials. 

Place the finger at A. The result is represented in 
Fig. 148 (iii.). The potential at A is now reduced to zero, 
and the potential at all other points is reduced to a 
corresponding degree. 

It is evident that, while the actual potentials are modified 
by connecting a point on the conductor to earth, yet the 
potential differences and the consequent “flow” are not 
altered in any way. But this ceases to hold good if two 
different points are simultaneously connected to earth (e.g. 
the two ends) ; in this case the two ends are both at the same 
potential, and the flow will not take place along the conductor 
but will be diverted through the hands and arms (assuming, 
of course, that the human body is a much better conductor 
than that which is connecting the terminals ; an assumption 
which holds good if cotton or string, and not metals, are 
used). 

Chemical and Heating Effects. Expt. 131. — Obtain 
a stream of sparks between the terminals of the machine, 
After a few moments it will be possible to detect the 
characteristic smell of Ozone, which is a chemically 
modified form of o.xygen. The oxygen of the air 
undergoes a chemical clmige^ and is converted into the 
denser and more chemically active ozone. 

Expt. 132. — Place a strip of wet stajxJi papcr'^ on a sheet 
of glass lying on the table. Place the free ends of two 
wires, which are connected to the terminals of the 
machine, in contact with the paper and about 2 cms. 
apart. After turning the machine for a few moments, 

^ Starch paper is made by dipping strips of white blotting-paper in 
a hot solution of starch to which tw’o or three small crystals of potassium 
iodide have been added. 
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observe the deep-blue patch which appears on the paper 
where one of the wires touches the paper. 

The heating effect of an electric discharge has already been 
exemplified in Expt. 117 (ii. and hi.). 

Many of the experiments described in this chapter convey 
the idea that an electric machine is a means whereby 
mechanical energy (spent in turning the machine) is converted 
into other forms of energy (currents of electricity, heat, and 
chemical action). In fact we find, in several of the experi- 
ments, examples of the fact that the various forms of energy 
are mutually convertible. Thus the mechanical work done in 
turning an electrical machine is partly used up in overcoming 
the friction of the bearings (which become heated), and partly 
in creating an electric field of force between the terminals. 
When the latter is destroyed by the passage of a spark 
discharge, the energy which was stored up in the field finally 
assumes the form of heat, light, and sound. If the discharge 
takes place through a conductor we should find, with the 
aid of sufficiently delicate apparatus, that all the mechanical 
energy originally expended finally assumes the form of heat 
energy. 


Chief Points of Chapter XIV 

An Electrical Machine is any mechanism by which considerable 
electrostatic charges may be conveniently generated. 

The Glass Cylinder Machine is an example of the earliest type of 
electrical machine. Its action is based upon the electrification of 
bodies by friction. 

The Wimshurst Influence Machine is an example of the modern 
type of electrical machine. Its action is based upon the phenomena 
of electrostatic induction. 

Action of Points.- — If any portion of the exterior of an insulated 
conductor terminates in a sharp point, the density of a chai-ge given to 
the conductor becomes great on the surface of the point. The air in 
contact with the point acquires a portion of the charge and is forcibly 
repelled away ; this action continues until the body is completely 
discharged. If the point is situated inside a hollow conductor the dis- 
charging action does not take place. 

Character of an Electric Discharge, i. Spark Discharge . — 
This is practically instantaneous. It has considerable penetrative power. 
Its character is changed to a continuous luminous glow when the air 
is considerably rarefied. 
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2. Brush Discharge . — This is observed when the terminals of a 
machine are too far apart for the spark discharge to take place. 

3. Giow Discharge . — This is observed when the discharge takes 
place from the end of a sharp-pointed conductor. 

4. Discharge through Conductors. — This is a steady invisible 
‘‘flow” continually tending to destroy the field of force between the 
two charged bodies which are connected by the conductor. 


Questions on Chapter XIV 

1. Explain the difference between a frictional machine and an 
influence (or induction) machine. Under which heading would the 
electrophorus be classed ? 

2. Explain why the points on the prime conductor of an electrical 
machine are necessary ; also why the rubbers are earth-connected. 

3. When the handle of an ordinary frictional machine is turned, 
sparks can be drawn from the prime conductor. Explain carefully 
how the prime conductor becomes charged with electricity. 

4. How could you show that electricity gathers most at points 
and corners of a conductor? Give two practical applications of this 
property. 

5. An orange, into which a sewing-needle has been stuck, point 
outwards, is suspended by a dry silk thread. A charged body is 
brought near to it (i) opposite the point of the needle, (2) 
opposite the side remote from the needle. State and explain the 
electrical effect in each case. 

6. A sharp point attached to a conductor A is held near an in- 
sulated charged conductor B. What will be the effect on B if A is 
(i) insulated, (2) uninsulated? 

7. A large Leyden jar, the outer coating of which is earth- 
connected, is charged. If you wish to discharge it with the electric 
tongs, which coating should you touch first with the tongs, and why ? 

8. A sharp point is attached to the interior of a hollow metallic 
sphere. Describe and explain the action of the point (i) when the 
sphere is electrified, (2) when one end of a brass rod, the other end of 
which is held in the hand, is cautiously introduced into the sphere 
through a small hole so as not to touch the sphere and is brought near 
to the point. 

9. Two gold-leaf electroscopes, similar in all respects except that 
a needle projects from the cap of one of them, are placed at equal 
distances from an electrical machine. When the machine is worked 
both pairs of leaves diverge. When it ceases to work one pair of 
leaves collapses rather quickly and the other pair very slowly. Ex- 
plain this difference in their behaviour. 
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10. A hemispherical metal bowl, to which a short metal point is 
attached, is charged with electricity. What difference, if any, in the 
rate of loss of electricity will there be according as the point is fastened 
to the concave or the convex side of the bowl ? 

11. Describe a simple experiment which will imitate on a small 
scale the action of a lightning-conductor. 

12. Explain the difference in character between an electrical dis- 
charge through air when at ordinary pressure and when the air is 
rarefied. 

13. Two large insulated spheres are joined together by a long piece 
of cotton, and the spheres are joined by separate wires to the terminals 
of a Wimshurst machine in action. Draw a potential diagram of the 
cotton thread, and explain what the effect would be of touching various 
points of the thread with the finger. 



CHAPTER XV 

CONTACT ELECTRICITY 

Apparatus required . — Condensing electroscope. Gold - leaf 
electroscope. Insulated discs of copper and zinc. 
Dilute sulphuric acid. Filter or blotting-paper. Sheet 
of glass. 

Preliminary. — Hitherto we have obtained opposite 
electrifications on the surfaces of two different bodies by rub- 
bing them together. It does not follow that the electrification 
obtained is the equivalent of the work done in rubbing the 
bodies together, since, however much the bodies are rubbed 
together beyond a certain limit, we do not find an equivalent 
increase in the degree of electrification. The energy which a 
body possesses after being electrified in this manner is rather 
the equivalent of the mechanical work done in separating the 
oppositely charged surfaces (i.e. in stretching the lines of force 
which connect the opposite charges). The actual rubbing is 
certainly a technical advantage, since it increases the extent of 
the surfaces of contact of the two bodies. If this reasoning is 
correct, then the rubbing might be completely dispensed with, 
and the mere contact of the two bodies should suffice to bring 
about the opposite electrification of the two surfaces, though to 
a much smaller degree than if the contact is aided by rubbing. 

Any experiments on this question require far more delicate 
appliances and more manipulative care than have been neces- 
sary for previous experiments. A condensing electroscope, as 
described in the next section, is absolutely necessary. 

Tlie Condensing Electroscope. — The action of the 
condensing electroscope depends upon the principle that if 
the plates of a simple condenser are charged to a slight differ- 
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ence of potential, and the plates are then separated to a con- 
siderable distance apart, the difterence of potential becomes 
highly magnified owing* to the diminished capacity of the con- 
denser. The following is a simple form of apparatus which 
can be made at a small cost. A and B (Fig. 149) are two 
discs of stout brass (about 20 cms. diameter) the surfaces of 
which have been turned in a lathe. The lower disc is sup- 



ported horizontally on a vertical rod of unpolished vulcanite, 
which is mounted on a suitable base. The upper disc is also 
supplied with a vulcanite handle. Binding-screw'S are fixed 
to the outer surface of each plate, as shown. Both plates are 
lacquered (or varnished), Hit not the binding -screnvs. The 
plate B is connected by a wire to a gold-leaf electroscope, the 
disc of which has been removed and replaced by a binding- 
screw ; the plate A is earth-connected. When in use, the 
plates are separated from each other by a thin sheet of 
paraffined paper, so as to render the insulation perfect. If a 
slight charge is given to B no divergence of the leaves will 
be obseiwed ; but if A is now raised, the potential of B will 
be considerably raised and the leaves will diverge. 
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Volta’s Fundamental Experiment. Expt. 133. — (i.) 
Obtain two fiat discs of zinc and copper (about 5 cms. 
diameter). Each disc must have an insulating handle 
of vulcanite, and the metal surfaces must be perfectly 
flat and clean. Connect the copper disc to earth. Hold- 
ing each disc by its handle, bring them into contact, 
with the zinc disc a few cms. below one of the binding- 
screws of the plate B (Fig. 149). Keeping the copper 
disc in position, raise the zinc disc until it touches the 
binding-screw, and then bring it back into contact with 
the copper disc. Take care not to tilt the discs relatively 
to each other when separating them. Repeat this fifteen 
times. Raise the plate A, and observe the divergence 
of the leaves. Replace A, and continue the charging 
with the zinc disc for another fifteen contacts. Raise the 
plate A, and observe that the divergence is about twice 
what it was before. The process may be continued until 
about one hundred contacts have been made, an increased 
divergence being observed at intervals. 

Remove A completely, and bring any + ly charged 
conductor near to B ; the increased divergence proves 
that the disc B has a -f- ve charge. 

(ii.) Discharge the condenser. Invert the copper and 
zinc discs, and connect tjtie zinc disc to earth. Repeat 
the previous experiment by raising and lowering the 
copper disc. The plate B will become charged, but its 
charge will be — ve instead of + ve. 

Hence, w/ien discs of copper and zinc are placed m con- 
tact^ a difference of potential is set tip which produces 
charges on the discs which can be detected by means of a 
condensing electroscope. The metals are good conductors, 
and therefore the tendency of electricity to flow from the 
metal at a higher potential must be checked by an 
opposing difference of potential which is set up on the 
surfaces of contact. 

Volta’S' Laws. — Expt. 133 is a repetition of one which 
was first carried out by Volta, an Italian physicist, in the year 
1801. He repeated the experiment, using discs of various 
metals, and from the results obtained he deduced the following 
laws : — 
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(i.) When two metals are placed in contact, a difference 
of potential is set up between them, which depends upon the 
nature and temperature of the surfaces. 

(ii.) A list of elements may be drawn up such that any one 
is +ve when touched by any one following, and -ve when 
touched by any one preceding it. 

+ ve Zinc, Lead, Tin, Bismuth, Antimony, Iron, Copper, 
Platinum, Carbon -ve. 

Much additional information regarding this phenomenon 
has been obtained since Volta’s time, and one remarkable 
fact is that two discs of the same metal will acquire different 
charges when in contact, if their surfaces are of different 
character, e.g. two plates of zinc, one burnished and the other 
rubbed with emery cloth, will exhibit a similar phenomenon. ^ 

The true origin of this difference of potential due to con- 
tact is a question which is still under discussion. One theory 
states that the effect is purely 2i physical one, called into exist- 
ence at the moment of contact ; another theory attributes the 
phenomenon to chemical action of the surrounding medium. 
The twm theories can scarcely be discussed in an elementary 
text-book. 2 

Contact Effects between Metals and Liquids. — 
Effects similar to those obtained between two metals can also 
be observed between metals and liquids {eg. water, brine, and 
acids). But the liquids cannot be tabulated in Volta’s second 
law with the metals, since the order of the metals is not the 
same for each liquid ; moreover, the magnitude of the effect 
varies with the concentration of the liquid. With dilute 
sulphuric acid, all metals become — ly charged except 
platinum, gold, silver, and copper (which become -fly 
charged). Of all the metals, zinc acquires the greatest — ve 
charge. 

Expt. 134. — Instead of the zinc and copper discs described 
in Expt. 133, use an insulated disc of sheet-zinc and a 
circular piece of blotting-paper moistened with dilute 
sulphuric acid. Lay the blotting-paper on a sheet of 
glass which is lying on the table, touch the paper with 

^ Compare Expt. 76. 

2 See H. E. Hadley’s Magnetism and Electricity for Students. 
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the zinc disc, and raise the disc into contact with the 
binding-screw attached to plate B. Touch the paper 
so as to reduce its potential to zero again, and repeat 
the contact with the zinc disc. Continue this process 
about twenty times. Raise the condenser-plate A and 
observe the divergence of the leaves. Verify that the 
divergence is due to a — ve charge. 

An Electric Current generated by Contact Elec- 
tricity. — Imagine that the zinc and copper discs, used in 
Expt. 133, are now experimented with in the 
manner shown in Fig. 150. After separating 
the discs let them simultaneously touch two 
insulated metal knobs which are connected 
together by a wire. The upper knob acquires 
a +ve charge, and the lower knob acquires a 
— ve charge. Electricity flows along the wire, 
and the opposite charges neutralise each other. 
Again bring the disc together and separate 
them as before. In this manner, a succession 
of momentary discharges will be made to pass 
down the wire. If the movement of the discs 
is obtained by some mechanical contrivance so 
that the process is very rapidly repeated, an 
approximately steady stream of electricity will 
be obtained in the wire — in fact, we should 
have what is termed a current of electricity. 
The energy of the current, which is used up in 
heating the wire, would be derived from the 
mechanical work which is necessary in order 
to separate the oppositely charged discs. Such 
a method is not convenient in practice, but we may still make 
use of some other form of energy, e.g. heat, or chemical actio?i. 
If heat is the source of the energy, the current which is obtained 
is termed a tbermo-electrio current ; ^ if chemical action is 
the source of energy, the current which is obtained is termed 
a voltaic current. The latter forms the subject of the ne.xt 
chapter. 

^ See H. E. Hadley’s Magnetism and Elecir-icify for Students. 
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Fig. 150. 
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Chief Points of Chapter XV 

Contact Electricity. — In order that two difterent bodies may 
acquire opposite charges it is only necessary to bring them iuio couiact 
with each other, an appreciable effect being obtained even without any 
actual rubbing of the bodies together. The effect may be readily 
observed by using insulated discs of copper and zinc, 

A Condensing Electroscope is required in order to perceive these 
effects. 

"Volta’s Laws. — l. When two metals a?'e placed in contact, adiffer- 
ence of potential is setup between them, which depends upon the nature 
a7id iejnperature of ike surfaces. 

2. A list of ele?nents 7noy be di'awn up such that a7ty 07ze is + ve 
when touched by a7iy one followhig, and - ve whe7t touched by afiy ozie 
p7'ecedi7ig it. 

Contact Effects between Metals and Liquids. — Similar pheno- 
mena may be observed between metals and liquids, for example zinc 
and sulphuric acid. All metals acquire a - ve charge when brought 
into contact with sulphuric acid, and zinc acquires a greater -ve 
charge than other metals. 


Questions on Chapter XV 

1. Explain the action of a condensing electroscope. 

2. Describe an experimental method for showing that a difference 
of potential is set up between pieces of zinc and copper when brought 
into contact with each other. State the precautions which must be 
taken in order to carry out the experiment successfully. 

3. A copper funnel is clamped in a vertical position, and zinc filings 
are allowed to fall through the funnel on to an insulated zinc plate 
which is connected to a gold-leaf electroscope. State what happens. 

4. If you are supplied with three metal discs, of copper, iron, and 
zinc, each supported on an insulating handle, describe how you would 
proceed to find out by experiment which pair of discs will give the 
greatest potential difference when brought into contact. 



PART III 

VOLTAIC ELECTRICITY 


■ CHAPTER XVI 

CHEMICAL ACTION, AND THE SIMPLE VOLTAIC 
CELL 

Apparatus 7'equired. — Zinc-sheet (commercial, and also pure). 
Copper-sheet and turnings. Iron filings. Charcoal. 
Mercury. Dilute sulphuric acid. Test-tubes. A 
simple voltaic cell. A battery of simple cells, and a 
condensing electroscope. Compass - needle, and a 
magnetised knitting-needle. Copper wire, and binding- 
screws. Permanganate of potash. Bichromate of 
potash. 

*Chemical Action. — The generation of electricity by 
voltaic methods, and also many of the phenomena connected 
with it, are so dependent upon chemical changes that it is 
essential for the student to have a clear conception of what we 
mean by the term chei7iical action. All the phenomena which 
we have hitherto considered may be termed physical., and not 
chejnical. For example, when a steel bar is magnetised it 
acquires new physical properties, but the substance of the 
steel itself undergoes no change, and we say that the steel has 
undergone a physical change. But if the steel is allowed to 
rust it becomes changed into a substance which is entirely 
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different from the original steel — we say that the steel has 
undergone a chemical change. Such changes as this are due 

to chemical action. Chemical action results in the 

chanire of substances from their original form into 
new substances with new properties. A simple experi- 
ment will explain more clearly the character of chemical 
action. 

Expt. 135. — Drop a small strip of coriimercial zinc into a 
test-tube containing dilute sulphuric acid (i in 8). 
Notice that bubbles of a gas are given off from -the 
surface of the zinc. Close the end of the test-tube with 
the thumb for a few moments, so as to pre\'ent the gas 
from escaping. Remove the thumb and hold the open 
end of the tube at the side of a gas flame. The gas 

in the test-tube burns with a dull blue flame. The 

gas obtained by this means is called hydrogen. At 
the same time observe that the zinc gradually dis- 
appears. 

The zinc decomposes the acid, and liberates hydrogen, 
which is one of the constituents of the acid. Each mole- 
cule of the acid contains atoms of hydrogen, sulphur, and 
oxygen, which are chemically combined in definite proportions, 
viz. 2 atoms of hydrogen, i atom of sulphur, and 4 atoms of 
oxygen. The chemical symbol for sulphuric acid is therefore 

Expt. 135 may be expressed thus : — 

Zinc added to sulphuric acid gives hydrogen and 
sulphate of zinc. 

Or, the same fact may be expressed in chemical symbols ; — 
Zn-pH^SO^ = f 

It will be seen, by subsequent experiments, how this 
chemical change may be utilised in the generation of electricity. 

^ Frequent use will be made of the recognised chemical symbols of 
various substances. The following list includes all that will be used in 
this book : — 

H = Hydrogen Zn = Zinc C = Carbon 

O = Oxygen Cu = Copper S = Sulphur 

N = Nitrogen Pt= Platinum Mg = Magnesium. 
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The burning of the hydrogen, in Expt 135, is an example of 
a very characteristic kind of chemical change. The hydrogen 
chemically combines with the oxygen in the air (which may be 
regarded as a mixture of the gases oxygen and nitrogen). 

In burning, hydrogen combines with oxygen to form 
water; or, 


Many other substances are capable of combining chemically 
with oxygen, and we say that the substances become oxidised 
by such chemical changes. For example, the metal mag- 
nesium will burn readily in air. 

In burning, magnesinm combines with oxygen of the 
air to form oxide of magnesium. 

Mg + O = MgO. 

Or, magnesium in combining with the oxygen of the air is 
oxidised to oxide of magnesium. Zinc will not burn so 
readily, but it may be made to do so if heated to a sufficiently 
high temperature. 

Expt. 136. — Cut a very narrow strip of sheet-zinc. Hold 
the end of the strip in the flame of a mouth blow-pipe 
(or foot blow-pipe, if available). Notice how the zinc 
burns with a bright blue -green flame, and becomes 
changed to a white powder. This powder is oxide oj 
sine, and has been formed by the chemical combination 
of zinc and oxygen. 

In burning, zino combines with oxygen to form 
oxide of zinc ; or, 

Zn -f O == ZnO. 

The Theory of the Simple Voltaic Cell. — We know 
that when zinc is in contact with dilute sulphuric acid that the 
zinc is at a lower potential than the acid (p. 229) ; copper in 
contact with the acid acquires a higher potential than the acid, 
but the effect is less pronounced than with zinc. If pieces of 
both metals are dipped into a vessel containing the dilute acid 
(Fig. I 5 I, i.), and if the zinc plate is connected to earth by 
means of a copper wire, we may indicate the relative potentials 
of the various parts by means of a diagram (Fig. 1 5 i, ii.). The 
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copper wire is at zero potential, and the potentials of the zinc, 
sulphuric acid, and copper plate are represented by the thick 


horizontal lines. The difference of potential 

between the 

copper plate and 


the copper wire is / 


represented by the O/ 



height of the dot- J 



ted line B above 

i-r 


the zero line. ) 



This diagram may / 



be simplified, for j 

- - - - 


the sake of clear- 

ii) 

ness, by combin- ^ ^ 


ing the first two ^ 

Czt plate 

steps in the poten- 

1 

rial ladder, and so 

H 2 SO4.J 

giving to it the 

1 

form shown in ^ 

. ?d___ 

Fig. 1 5 I (iii). It 

(iii 


is difficult to de- 
tect this • small 
difference of po- 
tential by means 
of a condensing 


electroscope, but 
the difference may 
be multiplied by 
placing several 
such cells in a 


(iii) 

Fig. 151 "-Potential diagram of a simple 
voltaic ceil. 


row, and connecting the copper plate of one cell to the zinc 
plate of the next, and so on. Fig. 152 represents the potential 
conditions for two such cells connected together. The differ- 
ence of potential between the copper plate and wire at the 
opposite ends of the series is thus doubled (Fig. 152). If 
thirty cells are connected together in this manner the differ- 
ence of potential betw-een the extreme ends will be thirty 
times as great as the difference between the plates of a small 


cell. This may be experimentally demonstrated with a battery 
of simple voltaic cells ^ and a condensing electroscope. 


A suitable form of battery may be constructed in the following 
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Expt. 137. — Connect the zinc plate of the first cell to 
earth, and attach a copper wire to the copper plate of 
the thirty-sixth cell. Wrap the free end of the latter 
wire round a rod of sealing-wax, which will serve as an 
insulating handle. Fit up the condensing electroscope as 
2 £ described on p. 2 , 27 . Con- 

nect the condenser-plate A 
to earth, and touch the plate 
B with the free end of the 
copper wire connected to the 
thirty-sixth cell (supporting 
the wire by the sealing wax 
handle). Raise the plate A, 
and observe the divergence 
Fig. 132.— -Potential diagram of two of theleaves. Disconnect the 

simple cells in series. thirty -sixth 

cell, and attach it to the copper plate of the twenty-fourth 
cell. Discharge the condenser, and touch the plate B with 
the wire as before. Raise A and observe the divergence ; 
it will be about two-thirds the divergence observed when 
thirty-six cells were used. Repeat the experiment, using 
twelve (or even fewer) cells. The divergence obtained 
is evidently proportional to the number of cells used. 
The Simple Voltaic Cell in Practice. — If the poles of 
a simple voltaic cell are connected together by a wire outside 
the dilute acid, -|- ve electricity will flow along the wire from 
the copper to the zinc. But it is found that the subsequent 

manner ; — Bore a row of twelve shallow holes inch in diameter, and i 
inch apart) in a strip of wood (14 x 2 x 2 inches). Place in each hole 
a small test-tube or sample- tube (2 inches x inch). Cut twelve strips 
of sheet-copper (i^- inch x \ inch) and an equal number of sheet-zinc 
strips of the same size. Solder the ends of the copper strips to the zinc 
strips so as to make twelve separate zinc-copper strips. Bend each 
compound strip so that the copper dips into one tube and the zinc into 
the next tube. Nearly fill each tube with very dilute acid. To ensure 
perfect insulation it is advisable to paint the wooden stand with melted 
paraffin- wax. The arrangement now forms a series of twelve cells, and 
the potential difference between the extreme ends is twelve times as great 
as the difference between the plates of one cell. It is an advantage to 
have even a greater number of the cells connected together, by making 
two more complete sets of twelve cells similar to the set described above, 
and connecting the three sets so as to form a series of thirty-six cells (Fig. 
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action differs from that observed when two insulated con- 
ductors, at different potentials, are connected by a wire. In 
the latter case the potentials of the two conductors are im- 
mediately equalised. In the case of the voltaic cell the 
potentials are not equalised although the charge continues to 
pass along the wire ; the potential difference is maintained by 
the chemical actio 7 i of the zinc on the acid. The force which 
serves to maintain the potential difference between the metal 



Fig. 153. — A battery of thirty-six simple cells. 


plates is called the Electro-motive Pore© of the cell (usually 
written B.M.F.). Since the degree of potential difference 
between the plates is dependent upon the degree of E.M.P. 
inside the cell, it follows that the numerical value of either 
expresses at the same time the value of the other, and it is 
customary to refer to the potential difference of the metal 
plates as the B.M.F. of the cell. As long as the potential of 
the copper is maintained, a discharge of + ve electricity will 
pass along the wire, or, in other words, a current of electricity 
is obtained. The current will only cease when either all the 
zinc or all the acid has been used up. 

How can tliis current b© detected.? Expt. 138. — 
Cut two rectangular pieces of sheet-copper and sheet-zinc 
(10 X 4 cms.) ; solder a short piece of thick copper 
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wire to the upper edge of each. Fig. 154 represents a 
convenient method of supporting the plates in a beaker 
of dilute sulphuric acid. Con- 
nect the terminals by means 
of a fairly long thin copper 
wire. Place a compass-needle 
on the table and hold just over 
it a straight piece of the con- 
necting wire, the wire being 
so adjusted that it lies in the 
magnetic meridian. Notice 
how the needle is deflected. 
This is a simple test for the 
presence of an electric current, 
the theory of which will be 
explained in a subsequent 
chapter. Since -f ve electri- 
city is passing to the zinc 
Fig. 154.— A simple voltaic cell. plate, either its potential must 

be raised to that of the copper 
plate or the current must pass out of the zinc as rapidly 
as it enters. Is a current also passing through the acid ? 

Expt. 139. — Remove the plates from the wooden support. 
Support a compass -needle 
just above the surface of the 
acid by means of a narrow 
copper bridge suspended 
from opposite sides of the 
beaker (Fig. 155). Connect 
the two plates together with 
a long thin wire. Adjust the 
bridge so that it is approxi- 
mately at right angles to the 
magnetic meridian. Dip the 
two plates simultaneously into Fig. 155.— To illustrate E.vpt. 139. 
the acid and observe the 

deflection of the needle. Remove the plates, and notice 
that the deflection ceases. Reverse the position of 
the plates in the acid, and observe that the deflection is 
now in the opposite direction to that in the first case. 
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Evidently a current is passing through the acid between 
the metal plates. Examine the cell more closely, and 
observe that bubbles of gas are escaping from the surfaces 
of both plates. Remove the connecting wire and observe 
that the bubbles have ceased to form on the surface of 
the copper, but that they continue to form on the surface 
of the zinc. Evidently the chemical action between the 
acid and the zinc continues, and is simply a repetition 
of Expt. 135. The zinc is being wasted, and the 
equivalent amount of chemical energy is being lost. 

Local Action. — So far cojnmercial zinc only has been 
used. Would j)ure zinc be acted upon by acid in the same 
way ? 

Expt. 140. — Place a fragment ol pure granulated zinc in 
a test-tube and add dilute sulphuric acid. No chemical 
action can be observed. 

Can commercial zinc be so treated as to prevent this waste 
going on in the simple cell ? 

Expt. 141. — Place a small piece of commercial zinc in a 
test-tube, add some dilute acid, and observe the rapid 
chemicaj. action. Now add a small drop of mercury, 
and thoroughly shake the tube. The surface of the 
zinc soon becomes completely amalgamated by the 
mercury, and the chemical action ceases. 

Expt. 142. — Amalgamate the zinc plate used in Expt. 1 38, 
by dipping it into dilute sulphuric acid for a few 
moments in order to clean the surface, and then 
rubbing a drop of mercury over the surface with a 
piece of cotton wool or cloth. Connect up the cell as 
in Expt. 138, and observe that bubbles of gas no longer 
escape from the zinc, but that they continue to form on 
the surface of the copper. 

Why does commercial zinc act in this way? From 
chemical analysis it is known that commercial zinc always 
contains a small quantity of impurities, chiefly iron and 
carbon. 

Expt. 143. — (i.) Add some dilute sulphuric acid to a 
fragment of pure zinc in a test-tube. No chemical 
action takes place. Add a few small pieces of copper 
turnings. Vigorous chemical action immediately pro- 
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ceeds. Notice that bubbles of gas are being liberated 
from the copper, but not fro 7 n the zhic. The phenomenon 
is really a repetition of Expt. 138 on a small scale. 
What is the gas which is being given off? Close the 
end of the tube with the thumb for a few moments, and 
verify that it is the combustible gas hydrogen. 

We really have, in this case, a simple voltaic cell. 
The connecting wire is dispensed with, since the copper 
and zinc are already connected together beneath the 
surface of the acid. 

(ii.) Repeat Expt. (i.), but add a few iron filings instead 
of copper turnings. The phenomena observed are 
identical in both cases. 

(iii.) Repeat Expt. (i.), adding some finely divided char- 
coal instead of iron or copper. Well shake the tube, 
and observe that the phenomena are again the same. 

In each of these cases we have all that is necessary to form 
a simple voltaic cell. From the Voltaic Order (see p. 229), 
iron or carbon may be used instead of copper in the con- 
struction of a simple voltaic cell. Hence, when commercial 
zinc is dipped into dilute acid, each speck of ii;on and carbon 
on its surface will form a minute voltaic cell, which will eat 
away the surrounding zinc, and hydrogen will be liberated 
from the specks of iron or carbon. This effect is known 
as Local Action. Amalgamation prevents local action^ 
because the mercury will dissolve zinc but will not dissolve 
iron and carbon ; the film of mercury on the surface there- 
fore supplies pure zinc to tlie dilute acid, but serves as a 
protecting layer to the particles of iron and carbon, which 
would cause local action if allowed to come into contact with 
the acid. 

Polarisation. — Each small portion of the copper plate to 
which a bubble of hydrogen adheres is protected from the 
acid, and thereby the effective area of the copper plate is 
reduced. The accumulation of hydrogen is injurious for 
another reason. Hydrogen is readily o.xidised (p. 234), and 
behaves, in this sense, similarly to zinc. If hydrogen were 
included in the Voltaic Order, it would be placed near to the 
zinc end, and if present in a voltaic cell it behaves somewhat 
similarly to a zinc plate and tends to send a current through 
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the acid from the copper to the si?ic. In this manner the 
primary effect of the metal plates is reduced by the opposing 
tendency of the hydrogenj and therefore the current is re- 
duced. This effect^ due to the hydrogen accuniulaimg on the 
copper plate, is ter?ned Polarisation of tlie cell. 

Expt. 144. — Fit up a simple cell iTig. 154), using very 
dilute acid j and connect in series with it a tangent 
galvanometer and a resistance bo.x. Adjust the resist- 
ance until a deflection of 50“ — 60“ is obtained. Remove 
the plates, dip the copper plate for a moment into a 
solution of copper sulphate, replace the plates, and read 
the deflection as quickly as possible. Note the deflection 
every half-minute, for several minutes. The film of 
copper-sulphate solution delays the setting-up of polari- 
sation (p. 247), and thus the needle may become steady 
before the reduction of the current begins. 

Removal of the hydrogen by mechanical means is not con- 
venient, but it is possible to prevent its accumulation by 
chemical means, e.g. by oxidising it. It cannot be burnt in 
the air in this case, but other substances besides air afford a 
supply of oxygen available for this purpose {e.g. permanganate 
of potash, manganese dioxide, or bichromate of potash). 
These substances contain much oxygen, which they readily 
give up when dissolved in water — they are termed oxidising 
agents. 

Expt. 145. — (i.) Add dilute sulphuric acid (i in 40) to a 
fragment of commercial zinc in a test-tube. Observe 
the hydrogen being liberated. Add some strong solu- 
tion of permanganate of potash, and observ^e how the 
liberation of hydrogen completely, or almost completely, 
ceases. 

(ii.) Repeat Expt.. (L), but add some strong solution of 
bichromate of potash (instead of permanganate). 

Allow these reactions to continue for half an hour, and 
observe how the characteristic colours of the perman- 
ganate and the bichromate are totally changed, showing 
thereby that they have undergone chemical change. 

The permanganate of potash (or the bichromate of potash) 
loses oxygen, or is, as we say, reduced ; the oxygen given up 
combines with the hydrogen and oxidises it. So that the 
R 
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oxidation of the hydrogen is always accompanied by the 
reduction of the oxidiser. This experiment explains the 
chemical method of preventing polarisation which is used in 
some of the more important types of voltaic cells. Nitric acid 
(HNOg) is also a strong oxidising agent, but it does not lend 
itself to the simple test described in Expt. 145, owing to the 
fact that it will vigorously attack the zinc. 

Any chemical substance used for the purpose of preventing 
polarisation may be termed a depolarising- agent. 

Theory of the Chemical Changes in a Simple Cell. — The 
chemical changes which have been proved by experiment to take place 



in a simple cell are (i.) the gradual disappearance of the zinc, and (ii. ) 
the liberation of hydrogen from the copper plate. The copper plate 
itself remains unaltered, how is it then that the hydrogen appears on 
the copper plate instead of on the zinc plate ? One theory offered to 
explain this phenomenon states that the hydrogen is really set free at 
the zinc plate, but that, instead of accumulating in bubbles, it attacks 
the neighbouring molecules of sulphuric acid, displacing the hydrogen 
contained therein, which in its turn acts similarly on other neighbour- 
ing molecules ; this conduct of the molecules proceeds through the 
successive layers of apid molecules until the cop]:)er plate is reached, 
when the hydrogen appears in the form of bubbles of gas. 

This theory is represented diagrammatically in Fig. 156. The 
oval figures represent individual molecules of sulphuric acid ; the 
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shaded portion represents the hydrogen in the molecule, and the un- 
shaded portion the group of elements SO^. The first row represents 
the higgledy-piggledy arrangement of molecules before the plates are 
introduced into the acid. The second row repiesents the linear 
arrangement of the molecules brought about by the introduction of the 
zinc and copper plates, and the consequent presence of e]ectro-moti\e 
forces through the acid and between the plates. The third row show s 
the effect produced by joining the plates with a wire, zinc sulphate 
being formed at the zinc plate, and hydrogen set fiee at the copper 
plate. 


Chief Points of Chapter XVI 

Chemical Action must be distinguished from Physical Action. 

The Simple Voltaic Cell. — Its construction and principle of 
action. The potential difference between its terminals, and the in- 
creased potential difference obtained by connecting together several 
simple cells zu series. 

The Electro-motive Force (E.M.F.) in the cell gives rise to, and 
is measured by, ihc potential difference (P. D. ) between its terminals. 
The tw’O terms are usually regarded as synonymous. 

A Current of Electricity traverses a wire which connectJ||j^ther 
the terminals of a simple voltaic cell. The current may be detected by 
observing the deflection of a compass-needle placed immediately above 
or below" the wire. The current also traverses the liquid separating the 
two plates in the cell. 

Local Action. — Due to impurities [e.g. iron and carbon) in the 
zinc. Prevented by amalgamating the surface of the zinc plate with 
mercury. 

Polarisation causes a gradual diminution in the activity of a 
simple cell, and is due to hydrogen accumulating on the surface of the 
copper plate. It is prevented either by mechanically removing the 
hydrogen, or by oxidising it by means of nitric acid, or bichromate of 
potash, etc. (These substances are termed depolarising agents.) 


Questions on Chapter XVI 

1. A plate of pure zinc, and a plate of copper, are dipped into 
dilute sulphuric acid, and then connected by copper ware. What 
changes take place in the plates, wire, and acid, when the circuit is 
complete ? 

2. With a battery made up of many cells how would you show 
that the electrical conditions of the terminals differ from each other, 
and that the difference is of the same kind as that of the prime con- 
ductor and rubber of an electrical machine in action ? 
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3. The terminals of an insulated battery consisting of a large 
number of cells touch the caps of two electroscopes. What are the 
effects upon the two sets of leaves, and what would be the further 
effects of touching one of the caps with the finger ? 

4. A hundred Grove cells are arranged in series, and wires 
attached to their terminals are momentarily brought into contact with 
the inner and outer coatings of a Leyden jar. What result will follow 
if the operation of discharging the jar is afterwards performed ? Give 
reasons for your answer. 

5. Explain the meaning of the statement that the electric current 
flows in a circuit. By what experiments would you illustrate its 
accuracy ? 

6. When a current passes along the wire joining the terminals of a 
battery, does the current also pass through the battery ? Give reasons 
for your answer. 

7. When a plate of zinc and a plate of platinum connected by a 
wire are both dipped into the same vessel of dilute sulphuric acid, an 
electric current passes along the wire. State and account for the 
effect of moving one of the plates into a separate vessel of acid. 

8. Explain the cause of Local Action. Why is it objectionable ? 
and how may it be remedied ? 

drlylplain the cause of Polarisation, and describe the chief methods 
of profiting it. 



CHAPTER XVII 

VOLTAIC CELLS 

Apj)aratus required . — Examples of the various forms of voltaic 
cells. A simple commutator. 

Many modifications of the simple cell have been devised 
in which the chief differences are due to the method of pre- 
venting polarisation adopted in each case. 

The Bichromate Cell. — In this cell potassium bichromate 
is used as a depolariser, and is mixed with the dilute sulphuric 
acid. Carbon plates are used instead of copper, since the 
latter would be attacked by the mixture of acid and bichro- 
mate. A simple form of the cell is shown in Fig. 170, in 
which a carbon plate is placed on each side of the zinc. The 
carbon plates are joined together at the top. The zinc plate 
is supported by a metal rod which slides through the lid of 
the cell in order that the zinc plate may be raised out of the 
liquid when the cell is not in use. A solution of suitable 
strength for this cell may be made by mixing together the 
following quantities by weight: — 100 parts water, 10 parts 
bichromate of potash, 30 parts sulphuric acid; in order to 
keep the zinc plate amalgamated it is well to add 0.25 part 
of mercurous sulphate. 

The Lieolanche Cell. — In this cell, known by the name 
of the physicist who devised it, the materials are zinc, carbon, 
and a strong solution (3 in 20) of ammonium chloride (sal- 
ammoniac). Manganese dioxide is used as a depolarising 
agent. The carbon plate (Cj Fig. 157, ii.) is placed in the 
centre of a cylindrical porous pot which is closely packed 
with a mixture of carbon and manganese dioxide. The zinc 
rod Z dips into the solution of sal-ammoniac contained in the 
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glass jar Gr. When the cell is in action, ammonia and 
hydrogen are produced ; the ammonia gas, being very soluble 
in water, does not tend to produce polarisation. The man- 
ganese dioxide is but a very slow oxidising agent, and the cell 
consequently soon becomes polarised if used continuously ; it 
soon becomes depolarised, however, if allowed to remain 
unused for a short time. A Leclanche cell has the advantage 



Fig. 157. — (i.) A Darnell cell, (li.) a Leclanchii cell. 


of requiring very little attention, and is for this reason very 
generally used in telegraphic work, in houses for working 
electric bells, and in any work where current is only occasion- 
ally i-equired. The cell may not require renewing for months 
or years, and its failure to act is often due simply to evapora- 
tion of the water from the solution of sal-ammoniac, which can 
be rectified by the addition of more water. 

Both the bichromate and the Leclanche cells are some- 
times termed one-fluid cells, in distinction to other types 
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which are termed two-fluid cells, owing tc the fact that the 
depolarising liquid is separated from the zinc and sulphuric 
acid by means of a porous partition. 

The Daniell CelLdi-In a Daniell cell copper and zinc 
are used as the metals, and sulphate of copper vitriol) 

is used as a depolariser. The outer vessel (Fig. 157, i.) is of 
copper, and serves as the copper plate. The porous pot is 
surrounded by a strong solution of sulphate of copper, the 
strength of which is maintained by placing crystals of the 
sulphate on a perforated copper shelf near the top of the outer 
vessel. The zinc rod and dilute sulphuric acid are contained 
by the porous pot. 

When the cell is in use the hydrogen generated by the 
action of the zinc on the sulphuric acid passes through the 
porous pot, and, instead of appearing on the surface of the 
copper, displaces copper from the copper sulphate. The 
result is, that pure copper, and not hydrogen, is deposited on 
the copper plate. 

Hydrogen acts on copper sulphate and forms sulphuric 
acid and copper ; or, 

’ H2 + CuSO^ = H0SO4 + Cu. 

If the cell is left standing for a long time, some of the 
copper sulphate will pass through the porous pot and will be 
decomposed by the zinc forming zinc sulphate and copper, the 
latter being deposited on the zinc rod. This effect will reduce 
the power of the cell, and it is consequently necessary to 
remove the liquids to separate bottles as soon as the experi- 
ments are completed. 

The G-rove Oell.-^In this cell zinc and platinum are used 
as metals, and nitric acid (HNO3) as a depolariser. In Fig. 
158 a thin sheet of platinum P is surrounded by strong nitric 
acid contained in a fiat porous pot B. The zinc plate Z, bent 
into the form of a letter U and embracing the porous pot 
on both sides, is immersed in dilute sulphuric acid (i in 8) 
contained in the outer vessel A. The hydrogen, in passing 
through the nitric acid in order to appear at the platinum 
plate, is oxidised by the nitric acid. The nitric acid itself is 
decomposed to brown fumes of nitric peroxide, which are very 
soluble in the acid and consequently do not produce polarisa- 
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tion. When the cell is in use the acid soon becomes satur- 
ated with the brown fumes, any further use results in the 
fumes escaping into the room ; it is therefore advisable to 
place the battery in a fume-cupboard, since nitric peroxide 
is injurious to health and also to any metal work. 

The E.M.F. of a Grove cell is approximately twice as great 
as that of a simple cell, and it is therefore a useful source of 



Fig, 158. — Two Grove cells. 

current ; but the battery should be taken apart after two or 
three hours’ working, since the slow percolation of nitric acid 
through the porous pot will cause the zinc to be rapidly 
attacked. The metal plates and porous pots should be well 
washed immediately after use, and the acids stored for future 
use in separate bottles. 

• The Bunsen Cell. — The chief consideration militating 
against the general use of the Grove cell is the original cost of 
the platinum plates. In the Bunsen cell plates of carbon are 
used instead of platinum, but in every other respect it re- 
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sembles the Grove cell. The porous pot (Figf. i 5 9), contain- 
ing the carbon plate O, is cylindrical ; the zinc plate is bent 
into the form of a cylinder so as to 
completely surround the porous pot. 

Dry Cells. — Owing to the 
want of portability of ordinary cells 
containing fluids, it is often prefer- 
able to use d?y cells, nearly all 
types of which are modifications of 
the Leclanche cell. In reality the 
cells are by no means dry, and 
their success in working largely 
depends upon the contents being 
kept moist. A central plate of 
hard carbon (Fig. 159A) is sur- 
rounded by a thick layer A made 
of a mi.xture of manganese dioxide, 
carbon, sal-ammoniac, zinc chloride, 
and gum. This is surrounded by 
a paste B made of plaster of Paris, flour, sal-ammoniac, and 
zinc chloride. • The whole is contained in an outer zinc vessel 
covered with millboard. The contents are kept in position by a 
layer of pitch, through which is fixed a small 
tube for the escape of any gases generated. 

Cells in series and in parallel. — In 
many experiments it is necessary to use a 
stronger current than would be obtained 
from a single cell. Four Bunsen cells 
(quart size), or the same number of Grove 
cells, form a convenient source of current. 
The cells may be connected together in 
series, in parallel, or in series-parallel. 
„ „ Fig. 160 (i.) represents four Bunsen cells 

Fig. 159 A. —A dry cell. x j / i • 1 4- 

connected together Z 7 i series^ the zinc plate 
of one cell being joined to the carbon plate of the next, and so 
on ; a long thin line represents a carbon plate and a short 
thick line a zinc plate. The potential difference between the 
carbon plate O at one end of the battery and the zinc plate Z 
at the other end will be four times as great as that which 
would be obtained by using only one cell (see p. 236). 




Fig. 159 . — .4 Bunsen cell. 
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Fig. 1 60 (ii.) represents four cells joined together in parallel. 
All the zinc- plates are connected together, and also all the 
carbons are connected together, thick copper wire being used 

for the purpose. The poten- 
tial difference between the two 
terminals of the battery will 
be the same as if one cell only 
had been used ; in fact, the 
arrangement is. exactly the 
same as if one large cell, with 
plates four times the size of 
those in either of the con- 
stituent cells, had been used. 
The same potential difference 
would, indeed, be obtained if 
a minute cell, no larger than 
a sewing thimble, were used, 
but a larger cell has other 
advantages which will be 
e.xplained in a subsequent 
chapter. The potential differ- 
ence depends only upon what 
metals and acid are used in 
the construction of the cell, and is quite independent of the size 
of the cell. 

Fig. 160 (iii.) represents the four cells joined together in 
series-parallel. The potential difference between the terminals 
is equal to twice that obtained from a single cell — in other 
words, the potential difference is the same as that obtained by 
joining two cells in series. The advantage of using four cells 
in this manner, instead of two single cells, depends upon the’ 
fact that the arrangement is equivalent to two large cells, each 
twice the size of a single cell. 

The Commutator, or Current Reverser. — It is 
advisable to have a simple appliance for reversing the direction 
of the current in a wire without interchanging the connections 
of the wire to the battery. Fig. 161 represents a simple form 
of commutator. It consists of a square block of wood, with 
a circular hole bored in each comer to serve as mercury cups. 
The cups are connected diagonally by thick copper wires. 
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Two thick copper wires dip into two of the cups on one side 
of the block and serve as terminals to which the ends of the 
wire are connected. The swinging arm consists of two pieces 
of bent copper wire which are insulated from each other by 
means of a short piece of glass tubing, which also serves as a 
handle. The arm carries two pieces of thick wire bent into an 



Fic. i6i. — A simple form of commutacor. 


arc, which can be made to dip into either pair of mercury 
cups by swinging the arm over in the required direction. The 
poles of the battery are connected to the ends of the arm by 
means of binding-screws. The various parts can be fixed in 
position by means of wire staples. When the arm is in a 
vertical position the circuit is broken and no current flows 
along the wire. If the arm is swung to the left the current 
will traverse the wire in the reverse direction to that which is 
traversed when the arm is swung to the right. 


Chief Points of Chapter XVII 

"Voltaic Cells. — The various types of voltaic cells chiefly differ 
from one another in the method adopted for preventing polarisation, 
and the chief types are : — (i.) The Bichrontaie (depolariser, bichromate 
of potash) ; (ii. ) The Tee/a^tehe' (depola.nser, manganese dioxide) ; (iii. ) 
7'he Grove (depolariser, nitric acid) ; (iv.) The Bimsen (depolariser, 
nitric acid) ; and (v.) The Daniell (in which polarisation is prevented 
by a chemical reaction in which hydrogen displaces copper from copper 
sulphate). 
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Methods of connecting' several cells together to form a 
battery. — Cells may be connected (i.) in set^tes, by placing the cells 
symmetrically in a row and connecting together alternate + ve and 
— ve poles ; (ii. ) in parallel, by connecting all the + ve poles together, 
and all the — ve poles together ; (hi.) in sej'ies-parallel, by connecting 
them partly in series and partly in parallel. 

The Commutator is a device for changing the direction of flow of 
a current without making any disconnections. 


Questions on Chapter XVII 

1. When a galvanic cell, consisting of zinc and copper plates 
immersed in dilute sulphuric acid, has its terminals joined by a wire, 
the E.M.F. rapidly decreases. How do you account for this? 
Describe a cell designed to prevent this decrease in E.M.F,, and 
explain how it acts. 

2. A glass cell is divided into two compartments by a porous 
partition. One compartment contains a strong solution of copper 
sulphate, and the other dilute sulphuric acid. A copper plate and a 
zinc plate, which dip into these respectively, are joined to the terminals 
of a galvanometer, the needle of which is deflected. State and explain 
how the deflection will be altered if the copper sulphate is replaced by 
dilute sulphuric acid. 

3. What are the materials used in the construction of a Daniell 
cell ? and what chemical changes occur in the cell when in action ? 

4. Describe a simple piece of apparatus for reversing the direction 
of an electric current through any piece of apparatus such as a galvano- 
meter, and show how it is to be connected up to the galvanometer and 
to the battery. 

5. Two galvanic cells are made of exactly the same materials, but 
in one cell the plates are much larger than in the other. What would 
be the effect of introducing both into a circuit so that they tend 
to send currents in opposite directions? Give reasons for your 
answer. 

6. Explain the terms in series and in parallel as applied to the 
cells of a voltaic battery. Give diagrams. 

7. Two galvanic cells are made by dipping, (i.) plates of zinc and 
platinum into a beaker of dilute sulphuric acid, and (ii.) plates of 
zinc and copper into another beaker containing the same liquid. The 
plates can be connected by copper wires. Explain with diagram how 
the two cells may be connected in series so as to (i.) strengthen, (ii. ) 
weaken, the current produced by one of them. 
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Apparatus required, — Battery. Commutator. Compass-needle. 
Copper wire. Thin and thick copper wire. Iron 
filings. Paraffined paper. Floating battery. Bar- 
magnet. Gutta-percha covered wire. Magnetised 
needle fi.xed to a cork. Spirals of wire (Fig. 170). 

When two conductors at different potentials are connected 
by a wire, positive electricity flows from the conductor at 
higher potential to the conductor at low^er potential. This 
is observed when the copper and zinc * plates of a simple 
voltaic cell are connected together by means of a wire, and 
the effect which the wire then has on a neighbouring compass- 
needle has already been used (Expt. 138) as a means of 
detecting the phenomenon. This effect was first observ’ed by 
Oersted of Copenhagen, in 1819. 

Oersted’s Experiment. Expt. 146. — (i.) Connect the 
poles of an accumulator to a commutator, the other 
terminals of which (Fig. 16 1) are connected by means 
of a long thin wire and an adjustable resistance. Stretch 
out a length of the wire so that it lies horizontally in 
the magnetic meridian. Place a compass-needle under- 
neath the wire and co?nplete the circuit. Observe how 
the needle is deflected. Break the circuit and observe 
that the needle swings back into the meridian. Reverse 
the direction of the current ; and observe that the 
needle is again deflected, but in the opposite direction. 

(ii.) Repeat the observation in Expt. i., using two cells 
connected together in series instead of one cell. If the 
distance between the wire and the compass-needle is 
the same in both cases, a greater deflection is observed 
than when only one cell is used. 

Evidently the -current traversing the wire creates a magnetic 
field in the space near to the wire, and the direction and 
strength of the magnetic forces depend upon the direction and 
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strength of the current. The existence of this magnetic field 
may be verified by a further experiment. 

Expt. 147. — Connect two fairly tl^k copper wires to the 
poles olPa battery, and join the 
free ends of these wires by a 
short length (about i o cms. long) 
of thin copper (or platinum) 
wire. Dip the thin wire into 
iron filings, and notice how the 
filings cling to the wire. Break 
the circuit and observe that the 
filings at once fall off. 

The magnetic forces near to the 
Fig. 162 —Map of the magnetic wire are evidently Strong enough to 
Overcome the weight of the filings. 
If there is a magnetic field below the 
wire we should expect a field to be present above, and on 
each sicie of, the wire — we should expect the field to be sym- 
metrically distributed round the wire. 

Expt, 148. — (i.) Lay a sheet of paraffined paper on a 
sheet of cardboard, and bore a snialh circular hole 
through the centre of both sheets. Clamp the card- 
board and paper in a horizontal position, and thread a 
straight piece of thick copper wire vertically through 
the circular hole. Clamp the wire in this position, and 
sprinkle iron filings on the paper. Connect the ends 
of the wire to a very strong battery, and tap the card- 
board. Break the circuit, and notice how the filings 
have arranged themsdves in circles concentric with the 
wii'e. Fix the filings in position (Fig. 162). 
i(ii.) In order to determine which is the positive direction 
of these circular lines of force, place a compass-needle 
on the paper and near to the wire. Complete the 
. circuit and observe the direction in which the needle 
points when placed to the north, south, east, and west 
of the wire. Reverse the direction of the current and 
notice that, in each position, the direction in which the 
needle points is reversed. Verify the following rule : — 
The positive direction of the lines of fore© appears 
to be clockwise to an observer looking along: a wire 
which is conveying a current away from him. 
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Maxwell’s Corkscrew E,ule. — The same result is 
expressed in ^Maxwell’s Corkscrew Rule, as follows : — Imagine 
a corkscrew being screwed along tbe wire in the 
direction in which the current is passing. The 
direction in which the thumb rotates indicates the 
positive direction of the lines of force. 

The tendency of a single 
wire conveying a current may 
be demonstrated by the ap- 
paratus shown in Fig. 162 a. 

O is a thick disc of hardwood, 
about 8 cm. in diameter, with 
a central hole i cm. diameter. 

The disc carries 5 or 6 pieces 
of strongly magnetised knit- 
ting-needle, eacli about 1 5 cm. 
long, with similar poles point- 
ing in the same direction. At 
least one-half of each needle 
projects below the surface of 
the disc. Tl>e disc and mag- 
nets should be protected with 
a coat of varnish. AB is a 
straight piece of thick copper 
wire terminating below in a 
spirally bent strip of thick 
sheet copper, as showm in the 
inset. D is a circular strip 
of thick sheet copper, which 
just fits inside a beaker, the 
diameter of which is 2 or 3 
cm. greater than that of the 
disc. A thick copper wire is soldered to D, and bent round 
the edge of the beaker so as to serve as a support. The disc 
floats on a strong solution of copper sulphate (with $ per cent, 
sulphuric acid added), the surface of w'hich is just above the 
upper edge of D. On passing a current (about 5 amperes) 
down AB, through the liquid and out at E, the action of the 
current in AB on the upper poles causes the disc to rotate, 
and the speed is increased by increasing the current. On 


magnet-pole to rotate round a 
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reversing the current the direction of rotation is reversed. 
As the south-seeking poles are immersed to a considerable 
depth within the liquid, the magnetic force acting on them is 
small in comparison. The action of the current on the south- 
seeking poles may be observed by inverting the disc. 

The distribution of the lines of force round a wire convey- 
ing a current afford a clear explanation of Oersted’s Experiment, 
and it also suggests that the deflection of a compass-needle' 
placed above a wire conveying a current will be in the opposite 
direction to that observed when the needle is below the wire. 

Expt. 149. — Repeat Expt. 146- Also place the needle 
above the wire, and observe the direction of the de- 
flection with the current direct and reversed. Verify 
the results tabulated below. 


Current passing 
from 

Needle above (or 
below) wire. 

North-seeking pole 
deflected toward.s 

South to North 

below 

West 


above 

East 

North to South 

below 

East 


above 

West 


Ampere’s Rule. — The following rule was suggested by 
Ampere to include all these results : — Suppose a man to be 
swimming* in the wire in the same direction as the 
current, and with his face towards the needle; the 
north-seeking* pole is deflected towards his left hand. 

It is important to notice in all these experiments that the 
magnetic field is dependent for its maintenance upon the Jloiu 
of the electric cicrf'ent, and it affords a distinct characteristic 
of the flow of electricity as compared with electricity at rest — 
for example, an insulated charged conductor has no effect on 
a neighbouring magnet. 

Magnetic Field due to a Current in a circular 
"Wire. — If a current is sent through a wire bent into the form 
of a circle it is clear (from Maxwell’s Corkscrew Rule) that the 
space enclosed by the wire will be traversed by lines of force 
all travelling in the same direction. A horizontal cross- 
section through the centre of the circle would be similar to 
Fig. 163, which represents the current passing down through 
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the paper at A, and returning up through the paper at B. 
The lines of force shown in the figure are those due to short 
lengths of the wire near to A and B, and they are all in the 
direction from right to left. Outside the wire circle the 
direction of the lines %vill be from left to right. The lines of 
force due to all other portions of the wire will 
proceed in the same direction — in fact, Fig. 

163 might just as readily be regarded as a 
vertical or inclined cross-section of the wire. 

The magnetic field of the wire circle closely 
resembles that of a magnetised disc of steel, 
of which the thickness is equal to the dia- 
meter of the copper wire, the diameter equal 
to that of the wire circle, and magnetised so 
that the opposite faces of the disc have 
opfjosite polarity. Such a magnetised steel 
disc is usually termed a magnetic shelly and 
the magnetic shell which would possess a 
field of force identical with that due to the 
current in the wire circle is called the equivalent magnetic 
shell of the circuit. These remarks suggest that the wire circle 
with its current should resemble a magnet in other respects, 
e.g. that the right-hand face should have south-seeking polarity, 
and the left-hand face north-seeking polarity. This can be 
readily verified by means of De la Rive’s Floating Battery. 

De la Rive’s Floating" Battery. Expt. 150. — (i. ) Use 
the zinc and copper plates \vhich w'ere made for the 
simple voltaic cell. Pass the copper wires attached to 
these plates through holes in a flat cork, and protect 
the soldered joints with sealing-wax or varnish. Tvlake 
a circular coil (about 5 cms. diameter, and of four or 
five turns) of thin cotton-covered copper wire, and bind 
the turns together wdth cotton. Fasten the free ends of 
the coil by means of binding-screws to the ends of the 
thick wires attached to the plates, and arrange the coil 
so that it is vertical when the cork is floating on dilute 
sulphuric acid contained in a large beaker or deep dish. 
Notice how the coil sets with its plane perpendicular to 
the magnetic meridian. Evidently the two faces of the 
coil exhibit magnetic polarity. Trace out the direction 


dawn, 



up 


Fig. 163. 
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in which the current is passing, and verify the following 
rule : — 


If the coil is held so that its face is perpendicular 
to the line of sight, and if the current appears to 
pass round the coil in a clockwise direction, then 
that face will have south-seeking 
polarity. If the direction is anti- 
clockwise, then the face will have 
north-seeking polarity (Fig. 164). 
(ii.) Hold a pole of a bar-magnet near 
to the coil, and observe how the 
latter is either attracted or repelled, 
according to which face of the coil 
is directed towards the magnet. From the results 
obtained verify the clock-face rule stated above. Notice 
how the coil threads itself along the magnet if the latter 



Fig. 164. 



Combined magnetic fields due to a magnet and a circular wire conveying a cm rent. 


is held at a convenient height, and comes to rest opposite 
the centre of the magnet. 

These results may be more readily understood by e.xamin- 
ing the distribution of the lines of force. Repulsloji is 
shown in Fig. 165, and atf^'aciion in Fig. 166. In the 
latter case it is evident that the tension of the lines of force 
will tend to move the coil up to the centre of the magnet. 
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The following experiment is an instructive application of 
this result. 

Expt. I 5 I. — Wind several layers of thin cotton- covered 
copper wire on a narrow ylass tube, ^ 

to each end of which a cork dibC ig I't 

has been fixed. .Select a larye wire 
nail which will slide easily within the 
tube (Fig. 167). F'ix the coil verti- 
cally above the table, and with the 
nail projecting just within the tube. 

Note the effect when a fairly strong 
curx'ent is passed through the coil, 
and when the circuit is broken. 

Magnetic Field due to a Spiral of 
Wire conveying a Current. — If a 
single turn of wire conveying a current 
behaves like a magnetic shell, then several 
turns of wire placed face to face, and each 
turn conveying the same current in the 
same direction, would be expected to show 
magnetic preperties similar to a row of 
magnetic shells placed with faces of oppo- 
site polarity in contact — in other words, a spiral of wire con- 
veying a current should resemble an ordinary bar-magnet. The 

mutual actions of one spiral 
on another, both conveying' a 
current, should also obey the 
ordinary laws of magnetic 
attraction and repulsion. 
Expt. 152. — ^^bnda close 
spiral of cotton covered 
copper wire on a card- 
board tube (5 cms. 
diameter and 20 cms. 
long). Support a 
sheet of paraffined 
paper horizontally so 
that its plane coincides 
with the axis of the tube, having previously cut away por- 
tions of the paper so as to fit symmetrically round the tube. 


Fig. 167. — To illustrate 
E.\pt. 1 5 1. 



Fig. 168. — Magnetic field due to a spiral 
conveying a current. 
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Sprinkle iron filings over the paper, and obtain a map of the 
field due to a current passing through the spiral (h ig. 1 68;. 

Observe how closely this magnetic field resembles that of a 
bar-magnet. The hollow spiral enables us to obtain a map of 
the complete magnetic circuit, and the map indicates that the 
lines of force inside the spiral are parallel to the axis. (From 
theoretical reasoning the internal magnetic field of a bar- 
magnet would have the same form, but it is of course im- 
possible to obtain a map experimentally.) 

Fig. 169 explains how the internal field due to consecutive turns of 
the spiral will consist of lines of force parallel to the axis. The 

diagram represents a vertical 
cross-section through two turns 
of the spiral, and the current 
traversing the spiral is imagined 
to be passing down through the 
paper at and 'W'g, and to 
return upwards through the 
paper at Wo and W4. Con- 
sider only the forces due to 
short lengths of the spiral coin- 
ciding with the vertical plane of 
the diagram, and the action of 
\ such forces on a single north - 
\ seeking pole placed within the 
I spiral. If the pole is placed at 
/ it will be acted upon by two 
/ forces — due to the current 
at Wj, and due to the 

current at the resultant 

and force is acting in a direc- 

‘ ^ lion parallel to the axis. Simi- 
larly, if the pole is placed at 
the resultant force is current at W3 and W4. 

Electro-magnets. — The student has already learnt that 
a piece of soft iron becomes temporarily magnetised when 
placed in a magnetic field, and that the degree of magnetisa- 
tion acquired is (within certain limits) proportional to the 
strength of the magnetic field. If a rod of soft iron is inserted 
inside a spiral of wire (see Fig. 9) conveying an electric 
current, the magnetic field within the spiral acts inductively 
upon the iron so that the magnetic polarity of the spiral itself 



FiC. 169. — The magnetic forces, 

M0R2, inside a spiral are parallel tt 
a.xis of the spiral. 
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is augmented by the polarity acquired by the iron. As soon as 
the current ceases the polarity of both the spiral and the soft 
iron disappears. Such an arrangement is termed an Electro- 
magnet. By using a sufficiently strong current and soft 
iron it is possible to obtain electro-magnets of great strength. 
Expt. 1 53. — (i.) Select a cardboard or glass tube of sufficient 
diameter to allow a rod of soft iron to be inserted. 
Wind two or three layers of cotton-covered copper wire 
round the tube. Adjust the magnetometer as described 
in Expt. 63, and place the coil of copper wire on the 
scale about 20 cms. distant from the needle with its 
axis perpendicular to the meridian. Connect the ends 
of the coil to a single Bunsen cell Note the deflection 
of the needle. Insert the soft iron core into the coil, 
and note the largely increased deflection. Break the 
circuit, and observe how the needle returns to zero.^ 

(ii.) Dip the electro-magnet used in Expt. (i.) into a heap 
of wire nails. Notice the great lifting-power which it 
has. Break the circuit, and notice how all the nails 
fall off. If the iron is not very soft it will retain a little 
permanent magnetism, and a few nails will remain 
attached to it. 

If the iron bar and spiral are bent into the form of a horse- 
shoe we have a horse-shoe electro-mag 7 zet (see Fig, 1 1). If 
they are bent so that the two ends are brought completely 
together so as to form a solid ring, all the lines of force within 
the spiral become closed magnetic chams, and no external 
magnetic field can be detected ; the iron core would then 
resemble the magnetised steel ring represented in Fig. 64. 

Mutual Action of two Spirals. — Fig. 170 represents a 
simple form of apparatus for examining the mutual forces of 
two spirals through which a current of electricity is passing. 
Expt. 154. — Wind a spiral of fairly thick cotton-covered 
copper wire round a cardboard tube (5 cms. diameter 
and 20 cms. long). Fix each end of the spiral to the 
tube by tying the wire with thread which passes through 
small holes pierced in the cardboard. Bend the free 

1 The e.xperiment may be made more instructive by substituting lengths 
of soft iron wire for the iron rod, and gradually increasing the number of 
wires in the coil. 
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ends of the wire along the outside of the tube and 
towards the centre, and again bend them at right angles 
so as to dip down into concentric mercury cups placed 
underneath. The mercury cups shown in the figure are 
made by gluing together two pill - boxes, of different 
diameter, one inside the other. Connect each mercury 
cup to an external binding-screw by means of copper 



Fig. 170.— .Apparatus to illustrate mutual action of two spirals. 


wire. One of the ends of the spiral is bent so that it is 
in a vertical line with the suspension and dips into the 
inner mercury cup ; the other end is bent so as to dip 
into the outer cup. The mode of suspending the spiral 
is clearly seen in the diagram (Fig. 170). Make a 
second spiral, which can be held in the hand in 
order to test its action on the suspended spiral 
when a current is traversing both spirals. Carefully 
note the direction of the current in both spirals, 
and verify the Primary Law of Magnetic Attraction and 
Repulsion. 
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Application of Oersted’s Experiment to Tele- 
graphy. — The instrument represented in Fig. 1 7 1 is frequently 
to be seen in provincial post-offices and in the telegraph offices 
attached to railway stations. In front of the disc of the 
instrument a vertical 
pointer is rapidly moving 
to and fro, and a tinkling 
noise is heard as long as 
the pointer continues to 
vibrate. This is the single- 
7 ieedle telegraph histrn- 
nmitp and it is used for 
the purpose of transmitting 
messages between distant 
localities. 

This instrument is 
similar in principle to 
the astatic galvanometer 
(p. 271), but the coil of 
wire and the magnetised 
needle are fi^ed vertically 
instead of horizontally. 

The coil and magnetised 
needle are fixed inside the 
instrument; the end of Fig. ,7.— a sing k-n^ edk teksr:.ph 
the axle on which the 

needle is mounted passes through the front of the instrument 
and carries the pointer. 

One end of the coil is connected to a metal plate buried in 
the earth, and the other end is joined to a long insulated wire 
supported on telegraph poles leading to the distant post-office 
where there is a battery and a commutator. One terminal of 
the commutator is connected to the telegraph wire, and the 
other terminal is connected to a metal plate buried in the 
earth (Fig. 172). The two metal plates are always at the 
same potential {zero\ and since the earth is a conductor it 
serves the same purpose as a very thick copper wire (shown 
by dotted line), the expense of which is thereby saved. By 
making use of the earth’s conductivity in this manner only a 
^ First introduced by Cooke and Wheatstone in the year 1837. 
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single wire is needed in order to connect two offices together 
telegraphically. 

A special form of commutator is used which consists of 
two strips of metal (L and K>) which are capable of moving 
up and down like the notes of a piano. ^ In their upper 
position they are both in contact with a cross-piece of metal 
(A) connected to the - ve terminal of the battery. If L is 
pressed down its contact with A is broken and contact with B 
is made, thus connecting the — ve terminal of the battery to 
earth ; B (and therefore L) will have + ve potential, and a 
current will flow along the telegraph wire towards the distant 



end causing the needle in the instrument to deflect in a 
certain direction. If L is released and R pressed down into 
contact with B a current in the reverse direction is obtained, 
and the needle will be deflected in the opposite direction. A 
recognised code of signals is adopted whereby the letters of 
the alphabet are represented by various combinations of left 
and right motions of the needle ; thus a single swing to the 
left represents the letter a single swing to the right 
represents /, a swing to right followed by a swing to left 

^ A working model of this commutator may readily be made from four 
strips of sheet brass. The fixed ends of L and R are raised above the 
base-board by screwing them to a narrow strip of wood about x.5 cm. 
high. The strip A is fixed at both ends to raised blocks of wood of such 
a height that both L and R touch its under surface when at rest. The 
strip B is fixed to the base-board. Tn order to facilitate making connec- 
tions, binding-screws should be used instead ot ordinary screws. 
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indicates a swing to left followed by one to the right 
represents a. All the other letters are formed of two, three, 
or four combinations. 

In order that the telegraph operator may be able to inter- 
pret messages by *ear as well as by sights two small pieces of 
tinplate are fixed on either side of one end of the pointer, the 
movement of which will cause the familiar tinkling sound 
when the instrument is working. The pieces of metal are cut 
to slightly different sizes in order that the deflections in 
opposite directions may be readily distinguished by the sound 
emitted. 


Chief Points of Chapter XVIII 

Oersted’s Experiment proves, by the action of a wire conveying a 
current on a neighbouring magnet, that the wire is surrounded by a 
magnetic field. A map of the field indicates that the magnetic lines of 
force are circular and concentric with the wire, and that a magnet will 
be influenced both above and below' the wire. The direction of the 
lines of force may be remembered by means of “The Clock-face 
Rule ” or by “ Maxwell’s Corkscrew Rule.” 

Ampere’s Enle affords a simple method of remembering the 
relationship between the direction of the current and the observed 
deflection of a magnet according to the relative positions of the w ire 
and magnet. 

The Magnetic Field due to a current in a wire bent into the 
form of a circle. — Lines of force are threaded through the space 
enclosed by the wire, and the direction of the lines is reversed when 
the direction of the current is reversed. These lines give south- 
seeking polarity to the face by which they enter the circular space, 
and north-seeking polarity to the face from which they emerge ; these 
magnetic properties make it equivalent to a thin magnetic shell. The 
relationship between the direction of the current and the polarity 
generated is expressed in the following rule : — If the current appears 
to the observer to traverse the wire in a clock^wise direction., then that 
face has south-seeking polarity : if the direct i 07 i is anti-clockwise.^ the 
polarity is north-seeking. 

The Magnetic Field due to a straight spiral of wire conveying 
a current is the resultant field of each turn of the spiral. A map of 
the field indicates that the distribution of the lines of force is similar to 
that of a bar-magnet. The lines of force inside the spiral are approxi- 
mately parallel to the axis. 

The mutual actions of two spirals conveying currents are 
similar to the mutual actions betw'een two magnets. 
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Application of Oersted’s Experiment to Telegraphy, in which the 
letters of the alphabet are interpreted by various combinations of left 
and right deflections of a magnetised needle. In practice, a special 
type of commutator is used. 


Questions on Chapter XVIII 

1. A long straight wire is stretched on a table in the direction of 
the magnetic meridian, and a dip circle, with its plane parallel to the 
magnetic meridian, is placed on the table near to the wire and on the 
west side of it. Will the dip of the needle be altered when an electric 
current is passed along the wire from south to north, and, if so, how ? 
Give reasons. 

2. A straight horizontal wire is placed near and iDarallel to a com- 
pass-needle, and in the same horizontal plane with it. If a current is 
then passed through the wire, what effect is produced on the needle, 
and what occurs if the wire is (i.) slightly raised, (ii.) slightly low'ered ? 

3. A strong electric current flows through a copper wire which 
passes through the centre of an iron ring, and is at light angles to the 
plane of the ring. Describe the magnetic state of the ring. 

4. A current is flowing through a idgid copper rod. How w'ould 
you place a small piece of iron wire wnth respect to it so that the 
iron may be magnetised in the direction of its length Assuming the 
direction of the current, state which end of the iron will be a north 
pole. 

5. Two compass-needles are arranged near each other so that both 
point along the same straight line. A ware connecting the i^latinum 
and zinc ends of the batteiy is stretched vertical half-w'ay betw'een the 
needles. Flow will the current in the wire affect the needles, and how 
w'ill the result depend upon whether the platinum terminal is connected 
with the upper or lower end of the wire respectively ? 

6. Two long wires are placed parallel to each other in the same 
horizontal plane and in the magnetic meiidian. A magnetic needle 
capable of turning in any direction about its point of suspension is 
placed exactly half-way between them. Flow will it behave if the 
same electric current flows through the easterly ware from south to 
north, and through the westerly ware from north to south ? (The action 
of the earth on the magnetic needle may be neglected.) 

7. A wire lies east and west (magnetic) immediately over a compass- 

needle. How is the direction in which the needle points affected when 
a current flows through the wire (i) from west to east, (2) from 

east to west ? 



CHAPTER XIX 

GALVANOSCOPES AND GALVANOMETERS 

Apparatus required . — Examples of the astatic, tangent, and 
mirror galvanometers. Round bottles of various sizes. 
Metre scale and square wooden blocks. Paper strips. 

The action of the magnetic field, created by a current of 
electricity passing along a wire, on a neighbouring magnet 
may be used a.§ a means of detecting currents of electricity. 
Moreover, since the strength of the field depends upon the 
strength of the current, it is also possible to apply the same 
principle to the comparison of the strengths of various currents. 
An instrument for defecihig an electric current according to 
this principle is termed a Galvanosoope, and instruments 
for ineastcrmg the strength of a current are termed G-al vario- 
meters. 

The Simple Galvanoscope. — The principle of the 
galvanoscope can be readily examined by experimenting with 
a compass-needle, suitably supported, and a long wire con- 
nected to a voltaic cell; or, instead of a compass -needle, the 
magnetometer described on p. 54 may be used. 

Expt. 155. — Clamp a small rectangular piece of card- 
board horizontally over a table, with the clamp to 
the east or west of the cardboard. Place a sensitive 
compass -needle on the centre of the cardboard, so 
that a wire can be wrapped readily round the card 
and needle. Connect the poles of a voltaic cell by 
means of a long thin copper wire (cotton-covered). 



268 


GALVANOSCOPES AND GALVANOMETERS pt. hi 


Hold a portion of the wire so that its length 
is in the meridian, and bring it just over the 
needle and as near to it as possible. Observe the 
deflection. 

Still keeping the portion of wire above the needle in 
position, wrap the wire round under the instrument, so 
that a portion of the ware is just U7tder?ieafh the needle. 
Observe that the deflection is now greater than before. 

This result would be expected by. applying Ampere’s Rule, 
which shows that the current in the wire above and below" the 
needle wall both tend to deflect the needle in the same direc- 
tion. 

Wrap the wire once more round the needle, and observe 
the still greater deflection. Wrap several more turns 
round the needle, and note the deflection during the 
process. 

The magnetic field which causes the deflection of the needle 
is the resultant field due to all the fields created 
by individual turns of the wire. In this manner 
the deflection caused by the current is multi- 
plied, and, by increasing the nwmber of turns 
sufficiently, it is possible by this means to 
detect an extremely w-eak current. This is the 
principle on which all galvanoscopes are con- 
structed. 

The amount of deflection obtained is deter- 
mined by the relative strengths of the magnetic 
forces due to the current and to the earth’s 
magnetic field. The former tends to pull the 
needle into a position at right angles to the 
meridian, wffiile the latter tends to pull the 
needle back into the meridian. 

These opposing forces may be represented by Fig. 
173, which represents the coil of wire, and the 
magnetised needle ns. If H and F are the strengths 
of the magnetic fields due to the earth and to the 
current respectively, and if m is the magnetic pole 
needle, then the forces acting on both 71 and j will be 
(wxH) and (wxP). Each pair of forces acts on the needle like a 
mechanical couple. Each couple lends to rotate the needle in opposite 



Fig. 173. — The 
principle of a 
galvanometer. 


Strength of the 
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direction^, and the needle finally comes to rest in such a position that 
the moments (p. 36) of these couples round the centie of the needle are 
equal and opposite. 

Moment of couple wH = moment of couple / 
mlEL X cd= mY X ab 

or, nYL X 'lod = ?nY X 2ao. 

Hence jhY — mYL x — = m'E. x — = niS. X tangent of angle ao 7 i ; 

oa * oa ^ ’ 

or, the tangent of the angle of deflection = = 

This formula assumes that the magnetic field due to the coil is 
uniform, but in reality it is only uniform in a very small region round 
the centre of the coil, and the formula would theiefore only hold good 
if the magnet were very short. 

The Sensibility of a G-alvanoscope or Galvano- 
meter. — The sensibility of such instruments may be defined 
as the amount of deflection obtained with a given current of 
electricity. The sensibility is great if a considerable deflection 
is obtained witli an extremely weak current. 

How to increase the Sensibility. — From the result 
obtained in the previous section it is evident that the deflection 
obtained may be increased by constructing the instrument so 
as either to increase the force F or to diminish the force H. 

{a) By vncreashig F. — The deflecting force F may be 
largely increased by making a coil with as many turns of wire 
as possible. Within certain limits the force F increases with 
the number of turns of wire. This method is adopted in the 
construction of simple forms of galvanoscopes. 

{U) By dhnmishing H.— The controlling force H may be 
diminished by two methods : — 

(i.) ISTobilFs Method. — By using an astatic pair of mag- 
netised needles (Fig. 90). If the two magnets are of exactly 
equal strength and size, the force tending to make the one 
magnet set in the magnetic meridian is exactly neutralised by 
the force acting on the other magnet, and the astatic pair 

^ It will be observed that the deflection is independent of the magnetic 
strength of the needle. 
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■comes to rest in any position. In practice it is impossible 
to obtain two magnets so identically alike, and the pair 
comes to rest in the meridian in obedience to the force 
•due to the stronger magnet. If and in are the mag- 
netic strengths of the poles of the magnets, the forces due 

to the earth’s held acting 
on the magnets will be 
niH. and 7;/H, and the 
resultant force acting on 
the astatic pair will be 
///H — or {in — 

In an astatic pair m — vi 
is a very small quantity, so 
that the controlling force 
due to the earth is very 
small. Moreover, by plac- 
ing the coil so that its 
upper layer lies between the needles (Fig. 174), the presence of 
the upper needle tends to increase the deflection of the lower 
needle, since, by Ampere’s Rule, the deflection of the upper 
needle due to a current in the upper layer of the coil will be in 
the same direction as that of a reversed needle* placed below 
the upper layer of the coil 

(ii.) Haiiy’s Method. — By weakening the earth’s field by 
placing a bar-magnet in a suitable position near to the instru- 
ment. By referring to Figs. 47 and 48 it will be clear that 
if the needle of the instrument occupies the position of one of 
the neutral points in the resultant field due to the earth and 
the magnet, it will come to rest in any direction. If the 
magnet is moved a little farther away from the instrument it 
will obey the forces due to the earth, but these will be much 
weaker than if the magnet were withdrawn. Fig. 48 explains 
how this result may be obtained by placing the magnet vertically 
■over or under the instrument. Fig. 47 explains how the 
magnet may be placed with its axis in line with the needle’s 
axis, and with its south-seeking pole dii*ected towards the 
north. 

The A.static G'al'vanometer. — This instrument derives 
its name from the fact that an astatic pair is used as its 
magnetised neddle. The pair is hung by a single silk thread. 
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so that the lower needle moves freely inside a coil of wire 
wound on a wooden frame (Fig-. 175;. The torsion^ of the 
fibre is sufficient to mask the controlling eftect of the earth's 
fieldj and, in fact, it forms the controlling force in the instru- 
ment. The instrument is adjusted for use by levelling the 



Fig, 175. — An astatic galvanometer. 

base, and by turning the coil so that its length is parallel to 
the needles. The ends of the coil are attached to two binding- 
screw's on the exterior of the instrument. The deflections are 
read off on a circular scale fixed to the top of the coil, and 

^ If the upper end of a fibre is fixed and the lower end is twisted 
through a certain angle, the fibre will tend to return to its original state, 
and the force with which it tends to do so is called the Torsion. Within 
limits, the magnitude of the force is proportional to the angle through, 
which the lower end is twisted. • 
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the upper needle serves as a pointer (or a long pointer is 
specially attached to the astatic pair). Since the deflecting 
force P is only uniform in a small region restricted to the 
centre of the coil, the deflection will only be proportional to 
the current when the deflections are small. It must also be 
remembered that the tangent law is not strictly applicable, 
since the torsion of the fibre, and not H, is the controlling 
force. 

Tile Mirror G-alvanometer. — In principle this instru- 
ment is the same as the galvanoscope, but a far more accurate 
method of reading deflections is 
used than that afforded by the 
pointer and circular scale of the 
latter type, A small circular mirror 
of silvered glass is attached to the 
needle, and a beam of light is 
directed on to the mirror and re- 
flected back to a horizontal paper 
scale placed at some distance from 
the instrument. A scarcely per- 
ceptible deflection of the needle 
causes a considerable movement 
of the reflected beam of light on 
the scale. This type of instrument 
(Fig. 176) consists of a circular 
coil of many turns of thin silk- 
covered copper wire in the centre 
of which a circular mirror is sup- 
ported by means of a silk fibre. 
To the back of the mirror are 
attached three or four short lengths 
f,c..76.-a mirror gaiv™ome,„. „atch- Spring. A Controlling 

magnet is supported above the instrument by a vertical up- 
right, on which the position of the magnet can be adjusted 
as required. 

Fig, 176B shows how a lamp and scale is used in conjunction with 
a galvanometer. The beam of light is equivalent to a pointer of 
length equal to twice the distance between the minor and the scale. 
In Fig. 176B the beam of light is derived from an electric incandescent 
filament enclosed in a metal case fitted \Vitli a horizontal adjustable 
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tube, m which a lens L fitted. The beam of light is directc.j the 

minor of the galvanometer and lefiected back to the divuled scale; 
and deflections are observed by focussing the image of a fine vertical 



line scratched on the surface of the lens. A concave mirror is 
generally used, and the cross-line can then he focussed without using 
an auxiliary lens. 

Suspended Coil G-alvanometers. — The tendency of a 
conductor, conveying a current and which is suspended in 
a magnetic field, to move in a direction perpendicular to the 
lines of force and to the direction of the current (see p. 314), 
is the basis of a type of galvanometer 
which possesses considerable advan- 
tages. The d’Arsonval (Fig. 176c) 
is the most familiar pattern. The 
magnetic field is derived from a cylindri- 
cal magnet M built up of magnetised 
rings of hard steel. The rectangular 
coil O is hung on a stretched strip of 
phosphor-bronze, which serves to convey 
the current to the coil. The current is 
conveyed away through a very fine 
spiral spring, the lower end of which is 
connected to one of the terminal screws 
on the base-board of the instrument. 

The instrument is adjusted so that 
when no current is passing the plane of 
the coil is parallel to the magnetic lines 
of force. When a current passes, the vertical sides of each 
turn of wire in the coil is acted upon by a force ; and since 
T 



Fig. 176c. — A suspended 
coil gaKanometer. 



274 GALVANOSCOPES AND GALVANOMETERS part hi 


the two sets of forces will be acting in opposite directions, 
they constitute a couple, which tends to rotate the coil into a 
position with its plane perpendicular to the lines of force. 
The rotation is opposed by the torsion set up in the suspen- 
sion ; and the restoring force due to this torsion is proportional 
to the angle through which the lower end of the suspension 
is twisted. 

Hence, if the magnetic field is uniform within the range of 
movement of the coil, and also radial towards the vertical a.xis 
of the coil, the moment of the couple due to the magnetic 
forces, and therefore the current, will also be proportional to 
the angle through which the coil is deflected. Uniformity 
and radial direction of the magnetic field are obtained by 
means of the soft-iron cylinder -A which is fixed in position 
between the pole faces of the magnet ; and these pole faces 
are usually cuia’ed, concentric with the axis of A, and made 
wider than represented in Fig. 176 c. The following are the 

chief advantages of this 
type of galvanometer. 

(i) The deflections 
are scarcely affected by 
external magnetic fields. 

(ii) The instrument 
may face in any direc- 
tion, since the zero posi- 
tion of the coil is inde- 
pendent of the direction 
of the magnetic field in 
which it is suspended. 

Tlie Tangent Gal- 
vanometer. — In order 

Fic. 177. — A Langent gaK anometar. that 3 . galvaiiometei 

may obey the tangent 
law, it is necessary that the controlling’ force should be due to 
a uniform magnetic field (such as that of the earth), and that 
•the field created by the current in the coil should be uniform 
within the region in which the needle is capable of moving. 
If the coil is circular and of considerable diameter, the field 
at its centre due to a current passing round it will be fairly 
uniform. Flence if a very short magnetised needle is suspended 
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at the centre of a circular coil, which i= placed with its plane 
in the magnetic meridian, then all the conditions for obeying 
the tangent law will be fulfilled. Such an instrument is called 
a Tang-ent G-alvanometer. 

Fig. 177 represents a suitable form of tangent galvano- 
meter for simple experiments. Three separate coils may 
advantageously be wound on the circular wooden frame (about 
20 cins. diameter), and connected to separate binding-screws 
fixed to the base -board of the instrument. One coil may 
conveniently consist of three or four turns of thick copper 
ware, for use with fairly strong currents ; the other coils may 
consist of fifty and one hundred turns (respectively) of thin 
copper wire, for use with weaker currents. A horizontal 
circular scale is fixed at the centre of the coil, and a 
magnetised needle (2 cms. long) is suspended by means of a 
single fibre of unspun silk just above the centre of the scale. 
A long pointer of drawn-out glass or of aluminium wire is 
attached to the centre- of the needle and at right angles to its 
axis. The use of a silk fibre introduces torsion when the 
needle is deflected, but its controlling force is small compared 
with that dua to the earth’s magnetic field (unless the magnet 
is but feebly magnetised) ; this error, to which the instrument 
is liable, may be more completely avoided by pivoting the 
needle on a vertical metal point fixed through the centre of 
the scale. The needle is protected from air currents by 
placing a glass shade over the instrument. 

The deflecting force F varies directly as the strength C of the 
current, the length I of the wire, and the strength m of the magnet’s 
pole, and inversely as the square of the distance r between the wire 
and the pole. If the radius of the coil is and consists only of one 
turn, then the length of wire in the coil = 2?'X w.* 

, ^ _ C X 2.-Kr ■X.m C X 27r X 7T1 

Hence F= ^ = . 

The Electro-magnetic (or Absolute) TJiiit of Current. — So far 
the strength of a current has only been indicated by the symibol C, to 


* The symbol tt is used to denote the constant ratio of the length of 
the circumference of any circle to that of the diameter. Its value is 22/7 
approximate! V. 
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which a numerical value cannot be given until a iniit of current 
strength has been decided upon. The formula obtained in the 
previous section enables us to define a unit based upon the units of 
length, force, and magnet - pole strength (all of which liavc been 
previously defined). Thus, if r = i cm., and if the magnet-pole is of 
unit strength {i.c. if m= i), then 

r = 2TrO dynes. 

The force will be equal to 0 dynes if we imagine that the cuuent 

I . . 27r;' 

only traverses — part of the wire circle h\e. a length = = or 

round a part of the circle equal in length to the radius. If the force 
exerted by this portion of the circle is equal to one dyne, then the current 
strength will be equal to unity. Unit current strength may therefore be 
defined thus : — A current has unit strength when 1 cm. length of 
its circuit, bent into the form of an arc of 1 cm. radius, exerts a 
force of one dyne on a unit magnet-pole placed at the centre of 
the arc. This is known as the “absolute” electro-magnetic unit of 
current strength. 

The Electro -magnetic Unit of Quantity. — The quantity of 
electricity conveyed by a current is proportional to the strength of the 
current and to the time during which it continues to flow. C/fiii 
Qzia7ttity is that which is conveyed by tinit ciirrmt in unit time. 


Chief Points of Chapter XIX 

A Ualvanoscope is an instrument for detecting an electric current. 

A (Jalvanometer is an instrument for /neasnring an electric 
current. If the magnetic field, due to the cunent, in which the 
magnetised needle is suspended is uniform, the tangent of the angle of 

, . . deflecting force due to current 

deflection = — ? r r - . 

controlling force due to earth 

The Sensibility of a G-alvanometer is the amount of detlection 
obtained with a given current. 

Methods of increasing the Sensibility. — (i.) IJy inneasing the 
number of turns of wire in the galvanometer, and so increasing the 
deflecting force, (ii.) By diminishing the strength of the earth's field 
by means of an auxiliary magnet, (iii.) By using a Nohili's astatic 
pair. 

The Astatic Galvanometer, so named since an astatic pair is u>e(l as 
the magnetised needle of the in.strument. The ttirsiou of the fibre has 
far more controlling effect than the earth’s field ; hence the instrument 
does not obey the tangent law. 

The Mirror Galvanometer is a form of galvanoscope in which the 
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deflections are observed by means of a beam of light reflected from a 
small mirror attached to the needle. 

The Tangent G-alvanometer consists of a circular circuit of 
one or more turns at the centre of which a small magnetised needle 
is suspended. If the instrument has one turn the deflecting force 
C X 27r X w 
F = ;; 

The Electro-magnetic Unit of Current is that which, when i 
cm. length of its circuit is bent into an arc of i cm. radius, will act 
upon a unit magnet-pole at the centre with unit force. 

The Electro-magnetic Unit of Quantity is that which is conveyed 
by unit current in unit time. 


Questions on Chapter XIX 

1. Describe and explain' the construction of an astatic galvano- 
meter and the cause of its sensitiveness. 

2. Describe the construction and use of a tangent galvanometer, 

3. Describe the construction and method of use of some simple 
form of galvanometer. 

4. Explain fully why the deflection of the needle of a tangent 
galvanometer is independent of the pole strength of the needle, 

5. What i# meant by the se 7 isibility of a galvanometer? Describe 
some simple method of increasing the sensibility of (i. ) an astatic 
galvanometer, (ii. ) a mirror galvanometer. 

6. Flow does the cotitroUwg fo 7 -ce in an astatic galvanometer differ 
from that in a tangent galvanometer? And explain why the foimer 
instrument does not obey the tangent law. 

7. Define the electro-magnetic unit of current, and explain how 
the definition is derived from the fundamental principle of the tangent 
galvanometer. 

8. If an auxiliary magnet is to be used in order to increase the 
sensibility of a mirror galvanometer, .state how you would })lacc it 
relatively to the galvanometer and your reasons for doing so. 



CHAPTER XX 

ELECTRICAL RESISTANCE OHM’S LAW 

Apparatus reqzn'red , — Bunsen cells. Tangent and Mirror 
galvanometers. No. 22 S.W.G. German silver, copper, 
and iron wire. No. 26 S.W.G. copper wire. Simple 
voltaic cell. Resistances. Three standard cells (prefer- 
ably of Clark or Calomel type). A length of No. 32 
German silver wire (2 metres long) stretched between 
terminals fixed to a board. 

Resistance. — Electrostatical experiments 133) have 
shown that substances may be classified as condiiciors and 
Ji 07 z-conducto 7 's. This property may be termed cofiductlvity^ 
or the same idea may be expressed in the opposite sense by 
the terms resistivity or resistance {c.^. we say that silk has 
lotv conductivity or hig/z resistazicc'). 

Resistance may be defined as tlie property which, 
a body possesses of impeding the discharge of 
electricity through its substance. 

In electrostatical experiments all metals, the body, wood, 
and water, appear to be equally good conductors — yet the 
student may have noticed that in voltaic ex]K;rimcnts no 
special precautions have been adopted in thoroughly insulating 
the apparatus. This apparent difference in c\|.)enmental 
treatment is due to the fact that the potential differences 
generated by electrostatical methods are vastly greater than 
those obtained by voltaic methods — a contrast which is very 
evident in the experiments on Contact Electricity — and the 
rate of discharge through any substance depends directly upon 
the potential differences. For this reason a substance" which 
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appears to discharge readily in electrostatical experiments 
need not necessarily do so in voltaic experiments. For the 
small potential differences obtained in simple voltaic experi- 
ments, the body, the table, etc., may be regarded as 
insulators. 

By carrying out experiments with small potential differences 
(such as that from a few voltaic cells) we are able to prove 
that metals not only have the least resistance, but that different 
metals have not all the same degree of resistance. We can 
obtain information on Resistance by bearing in mind that if a 
constant potential difference is maintained between two points 
in a conductor, an electric current will pass between the two 
points, and the magnitude of the current will depend upon the 
resistance of the conductor ; the current may be determined 
by allowing it to pass through some simple form of current- 
measurer (such as a tangent galvanometer). 

The Resistance of a Wire depends upon the Metal, 
its length, and its cross-section.^ Expt, 157. — 
(i.) Connect one end of a piece of German-silver ^ wire 
(No. 3 2,^ 2 metres long) to one pole of a lai'ge Bunsen 
cell (pr an accumulator), and connect the other end to 
a terminal of the short thick coil of a tangent galvano- 
meter, Connect the other terminals of the cell and the 
galvanometer together by means of a short copper wire. 
The current traversing the German -silver wire also 
traverses the galvanometer, and the tangent of the 
angle of dedection is a measure of the magnitude of the 
current. Note the deflection. 

(ii.) Break the circuit between the cell and the German- 
silver wire and insert into the circuit another piece of 
the same wire (i metre long). The current is now 
opposed by the resistance of a total length of 3 metres 
of German - silver wire, and the current is /rxs tlian 
before. Evidently the resistance of a wire depends 
upon its length. 

'' 'I'lie e,\periments ile.scribcd in this section nre simply ((unlitative, imd 
the .student is refeired for fuller infornuitioii to tiiu <.‘.\[>eninents Nvith 
W'heatstone'.s ilridge in Clhapter XXI. 

- Clcnnan siUer is :in alloy of the following; metals copper t'm piuth, 
zinc 26 parts, and nickel 14 part.s. 

•' These numbers refer to the Standiird M in- dai/in' (S.W.G. ). 
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(iii.) Remove the metre length of German-silver wire, and 
substitute for it a metre length of copper wire (No. 22, 
S.W.G.). Note the deflection. The current is greater 
than in (ii.), but less than in (i.), showing that the 
resistance of copper is less than that of German silver, 
(iv.) Remove the copper wire, and substitute for it a metre 
length of iron wire (No. 22, S.W.G.). The deflection 
observed indicates that iron is a better conductor than 
German silver, but not so good as copper. 

(v.) Remove the iron wire, and substitute for it a metre 
length of No. 26 copper wire. The deflection indicates 
that a thin copper wire offers more resistance than a 
thick one. 

Liquid Conductors, and therefor© Voltaic Cells, 
have Resistance. — This fact was anticipated in the previous 
section by recommending the use of a large Bunsen cell or 
an accumulator ; the cell itself has resistance, and therefore 
the total resistance in the circuit is only partly due to the 
connecting wires. 

Just as the resistance of a wire depends upon the metal, 
its length, and its cross-section, so also does the resistance of 
a voltaic cell depend upon the materials of which it is made, 
and upon the length and cross-section of the liquid which the 
current has to traverse between the two poles of the cell. This 
can be readily shown by means of a modified form of the 
simple voltaic cell. 

Expt. 158. — Pierce the axis of an ordinary cork with the 
supporting wire of the copper plate of a simple voltaic 
cell, and mount the zinc plate on a cork in a similar 
manner. Fix the corks in the screw clamps of twm separate 
retort-holders, so that the metal plates are veitical and 
just above the level of the table. In this manner the 
plates may be rigidly supported within a shallow glass 
dish, c.g. a crystallising dish, and their distance apart 
and their depth of immersion within the dish ^a^ed. Fill 
the dish with very dilute sulphuric acid, and connect 
the plates to the thick coil of a tangent galvanometer by 
means of copper wires. Place the plates close together 
and observe the deflection. Separate them gradually and 
observe how the deflection diminishes, showing that the 
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resistance of the cell is increased when the length of the 
liquid column between the two plates is increased. 

Now raise the plates slightly, so as to reduce the 
cross-section of the liquid column which separates the 
plates. Notice how the deflection diminishes when the 
depth of immersion is less. Reduce the depth of 
immersion still more, and repeat the observation. 

This explains the advantage of using a large cell instead of 
a small one. The E.M.F. of the cell simply depends upon 
the materials used and is quite independent of the ; but 
the resistance depends very largely upon the size, and only 
becomes negligible when a cell with large plates close together 
(such as an accumulator) is used. 

Otirrent depends upon Resistance. — That the strength 
of the current depends upon the resistance in the circuit is an 
obvious conclusion from the experiments in the preceding section. 

Current depends upon E.M.F. — We should anticipate 
that the strength of the current flowing along a wire would 
depend upon the difference of potential between the two ends 
(or, in other words, upon the E.M.F. of the voltaic cell or 
battery). • 

Expt. 159. — Connect up a large Bunsen cell, a 4-melre 
length of No. 22 German-silver wire, and the low resist- 
ance coil of a tangent galvanometer (as in Expt. 157). 
Note the angle of deflection. Substitute two large 
Bunsen cells connected together in series instead of the 
single cell, and note the angle of deflection. Obtain the 
numerical values of the tangents of these angles from a 
table of tangent values, and observe that the value is 
nearly twice as great in the second case. By using two 
cells instead of one cell rve have doubled the E.M.F. in 
the circuit, but the resistance has also been slightly 
increased since the additional cell has resistance, hence 
the current is not quite twice as great. If we used cells 
which had no resistance the current passing througfli the 
wire would be exactly twice as great We may say 
that the c//r/r//f in a "ivirc is directly proportional to 
the potential dijjc^'encc between its two ends. 

This is known as OhnPs which can be more rigorously 

pi'oved by the method described in the following section. 
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Olma’s Law. — G. S. Ohm,i in 1826, conducted original 
experiments which resulted in the statement of the following 
simple relationship : In any wire at uniform temperature, 
the current is directly proportional to the potential 
difference between its ends; or, B/O is a constant ratio 
(where B and C represent the potential difference and the 
current respectively). 



Fig.- 178. — Demonstration of Ohm’s Law. 

The numerical magnitude of the ratio E/C is a measure of 
the Resistance of the conductor. The constancy of tlie ratio 
E/O may be proved by applying the following principle : If 
any two points (A and C, Fig. 178) on a long thin wire All, 
conveying a current, are touched by the ends of a thin wire 
AR^C, a weak current will be generated and will traverse the 
thin wire from A to C is a high resistance, eg. a pencil 
line drawn on matt-glass). This weak current may be detected 
by including in its path a delicate galvanometer (IvIG). We 
can also include in the same circuit another souice of electro- 
motive force E^ (say, a standard cell), placed so as to tend to 
send a current in the opposite direction. If this opposing 
electromotive force is equal to that due to the potential differ- 
ence between A and C, then no current will tra\’ersc tlic wire, 
and no deflection wnll be produced in IMG. I'hc point C may 
be determined by trial, and the strength of the current between 
A and C rnay be observed by inserting a tangent galvanometer 
(TG) in the circuit. If Rvo standard cells are used instead of 
Eo, and if C remains fixed, it will be found necessary to double 

^ G. S. Ohm (1789-1854) was the son of a German locksmith, ami 
was appointed professor of physics in Munich in 1S49. 
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the current strength between A and C in order to obtain 110 
deflection in MG. If tk 7 'ee standard cells are used, the current 
in AB must be made tJi?'ee times as great. 

Expt. 160. — Connect up the apparatus as shown in Fig. 
178, and adjust R, so that a deflection of about i 5° is 
obtained in TG. Find a point C such that no current 
traverses MG when one standard cell is used. Read 
the deflection in TG. Insert f'wo standard cells in 
place of E.,. Make contact at C, reduce Rj^ until there 
is no deflection in MG, and read the deflection. Repeat 
with three standard cells. Enter the observations thus : — 


Standard 

Deflections in TG. 

Afean 

tan a. * 


Cells («). 

East End. 

West End. 

Deflection. 

tan a 

I. 

10° 1 e 

10 J 

11 °. I 

0. 196 

5.102 

2. 

22“.2 j 

22°.S'\ 0 

20^ j 21 .4 

2F.35 

0.391 

5 - IIS 


Diagrammatic Representation of Resistance, 
E.M.F., and Current. — In Fig. 179 let AB represent a 
copper wire along which a current is flowing from A to B. 
If the wire is of uniform material and cross-section, the 

resistance of each cm. 
y" length of the wire will 

be the same ; hence two 
cms. length would have 
twice the resistance of 
one cm. length. In other 
words, the resistance will 
^be proportional to the 
Fio. 179- ‘T-nd if AB repre- 

sents the length of the 
wire it may also be regarded as a diagrammatic rcjn'cscnla- 
tion of its resistance. 



Let the potential at A be represented by AV, and that at 
B zero. The fall of potential along the wire will be uniform 
and represented by the line VB. 
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When the wire is shortened to A'B its resistance will be 
less than before, and V'B will represent the fall of potential. 
If the wire is still further shortened to A'"B, then V"B will 
represent the fall of potential. 

In our preliminary e.Kperiments we have observed that 
when the wire is shortened the current traversing the wire is 
increased : can this increase be suggested in the diagram 
An increased current in our experiments is accompanied by an 
increase in the angle VBA in the diagram : can we regard 
the latter as a representation of the current ? 

This is evidently possible if we consider not the angle 
itself but rather the tangent of the angle, for then the tangent 
VA 

of VBA = , or expressed in words — 

AB 

, r 1 difference of potential 

The strength of the current = : ^ . 

resistance 

Fig. i8o is a similar dia- 
gram, which shows how the 
potential difference between 
any two points of a uniform 
wire may be fndicated. The 
potentials at A and B are 
AV^ and AVg, and the 
potential difference is repre- 
sented by the length V^a. 

Chief Points of Chapter XX 

Resistance is the property which a body possesses of impeding the 
discharge of electricity through its substance. 

Comparison of Resistances. — The amount of electrical discharge 
in a given time (or, the current) between two points of a substance 
depends upon the potential difference (P.D.) between the two points ; 
hence the relative resistances offered by different substances may be 
compared by comparing the cuiTents which will traver.se them when 
the same P.D. is used in each case. 

The Resistance of a wire depends upon (i.) the metal, (ii.) its 
length, (iii.) its cross-section. 

Liquid Conductors (and therefore Voltaic Cells) offer resistance to 
the passage of a current. 

The Current traversing a wire depends upon (i.) the I’.D. between 
its ends, (ii. ) the resistance of the wire. 
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Ohm’s Law . — The airt'cnt Jlowiu^ ihroitgh a ctrciiU is directly pro- 
portional to the potential difference betzoecn its ends. 


Questions on Chapter XX 

1. Define the term Resistance^ and explain its relationship to the 
term Conductivity. 

2. Describe a simple expeiiment by -which it may be proved that a 
long w'ire has electrical resistance. 

3. How •would you prove experimentally that the resistance of 
a wire depends upon (i.) the metal, (ii.) its length, and (iii.) its cross- 
section ? 

4. A current is sent through a simple circuit by means of a single 
voltaic cell. Would more current be obtained from a cell with large 
plates than fronr a cell -vvith small plates ? If so, why ? Would the 
distance between the plates influence the sti'engtli of the current? 

5. The -f-ve poles of two Daniell’s cells, one of them twice as large 
as the other, are connected together by a short wire, and the circuit is 
completed by connecting the — ve poles together by means of a long 
thin -w'ire. Will any cunent traverse the circuit? Cdvc leason for 
your answer. 

6. The current strength depends upon the E. M.F. and the resist- 
ance. How can this be repi'csented in a diagram ? 

7. State Ohm’s Law, and desciibc an experiment by which the 
law may be verified. 

8. You are given two voltaic cells which are identically alike. 
The current traversing a simple circuit, including the two cells in 
series, is not quite twice as great as that* obtained when only one of 
the cells is used (the circuit being otherwise the same). Why is this ? 

9. A circuit includes an insulated battery and a galvanometer. 
Will the indication of the galvanometer be aflecLcd if a point in the 
circuit {e.g. the negative pole of the battery) is directly connected with 
the earth ? Give reasons lor your answer. 

10. Plow is polarisation picvenlcd in the Danicll cell? How does 
a large Daniell cell dilfer from a small one in lespect of (i) electromotive 
force, (2) resistance ? 



CHAPTER XXI 

UNITS OF E.M.F. AND RESISTANCE PRACTICAL 

UNITS OFIM’S LAW APPLIED TO SIMPLE AND 

DIVIDED CIRCUITS WHEATSTONE’S BRIDGE 

GROUPING OF CELLS 

Apparatus required. — Wheatstone Bridge. Two DanielPs 
cells. Astatic and tangent galvanometers. German- 
silver wire (Nos. 22 and 28 S.W.G.). Micrometer 
screw. Meti'e scale. 

Electro - magnetic Unit of E.M.F. — The potential 
difference between two points has already been defined (p. 
1 87) as equal to unity when unit work has to be done in 
conveying unit quantity of electricity from the point of lower 
potential to that at higher potential. The same definition 
may be applied to the electro -magnetic unit of potential 
difference, but the student must carefully note that the unit 
of quantity is not the same in electro -magnetic measure 
as in electrostatic measure — the former is based upon the 
magnetic action of a current traversing a wire, while the 
latter is’ based upon the mutual repulsion of two insulated 
charged spheres. Unit difference of potential (electro- 
magnetic) exists between two points wben unit work 
(i erg) lias to be done in order to convey an electro- 
magnetic -unit of quantity between the two points. 

Electro-magnetic Unit of Resistance. — The close 
relationship between Current, E.M.F., and Resistance as ex- 
pressed in Ohm’s Law enables us to define the unit of resist- 
ance in terms of the other units. The electro-magnetic unit 
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of resistance is defined as follows : — A conductor has unit 
resistance when unit potential difference between 
its ends causes a current of unit strength to flow 
through it. 


PRACTICAL UNITS OF CURRENT, QUANTITY, 
E.M.F., AND RESISTANCE 


The Practical Unit of Current. — The electro-magnetic 
unit of current defined on p. 274 is found to be too large for 
practical purposes, and another unit is universally adopted 
which is ecjual to part of the electro-magnetic unit. This 
practical unit is called the Ampere.^ 

The Practical Unit of Quantity. — The clcctro-ynag-netzc 
unit of quantity has been defined as the quantity conveyed by 
unit current in one second. T\xq. pz'actical unit of quantity is 
that which will be conveyed by i ampere in i second, and 
is therefore equal to -j~- part of the electro-magnetic unit of 
quantity. This unit is called the Coulomb.- 

The Pracftical Unit of E.M.P. (or Potential Differ- 
ence). — The elcctro-magnetic unit (p. 286) is far too small 
for practical purposes, and a much larger unit is adopted 
which is equal to lO'*^ electro-magnetic units. This larger unit 
is called the Volt.- (In order to express very large numbers 
it is convenient to use the index system of notation — thus 10^ 
is the index notation representing 10 multiplied by itself 8 
times, i.e. 100,000,000. The volt is therefore equal to one 
hundred million electro-magnetic units.) 

The student may form a mental conception of the magni- 
tude of the volt by the fact that the E.M.F. of the Daniell cell 
is 1.07 volts, the Grove cell 1.95 volts, the Bunsen cell 1.94 
volts, and the Lcclanchc 1.46 volts. 

The Practical Unit of Resistance. — A conductor is 
said to possess the practical unit of resistance when a potential 


^ Andre 'Marie .-Vnipero {■1775-1S36), born at I.iyonh, a mathematician 
and physicist. 

" Charles Augu.stin Cimlomb (1736-1806]^ born at AngoulOrne. 

•' Alessandro \Alta (17.45 - 1S27), professor of physics in Pavia 
'University. 
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difference of i volt between its ends will cause a current of i 
ampere to flow through it. This unit is called the Oliin. 

The following reasoning will enable its magnitude to be compared 

E 

with that of the electro-magnetic unit of resistance ; — C = — is the 

F 

general expression for Ohm’s Law, but it may also be written R — 

If E=i volt, and C=i ampere, then R=i ohm. 

But if we give to E and C their equivalent numerical values in 
electro-magnetic units, then R will also be expressed in the same units, 
or 

, I volt lo® electro-magnetic units 

I ohm™ = = 

I ampere o. i ,, ,, 

= lo® electro-magnetic units. 

Practical Application of Olim’s Law. — By giving to 
the symbols C, E, and R their numerical values in practical 

E 

units, we are able to regard the expression C == — as a correct 

mathematical equation, and to use it in the solution of 
problems in which the numerical values of only two of the 
symbols are known. Thus, if the difference of potential between 
the ends of a wire is E volts, and if the resistance of the wire 

. E 

IS R ohms, then the ratio p will be the numerical value of the 
current in amperes. 


Example . — The resistance of a mile of ordinary iron telegraph wire 
Ls 9 ohms, and the potential difference between its two ends is 1.25 
volts. What is the magnitude of the current flowing through the 


= 0,14 ampere. 


As a general rule the equation C = ~ is applied to the 

entire circuit traversed by the current, including the battery as 
well as the external wires, both of which offer a resistance to 
the passage of the current. Hence the symbol R includes both 
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the resistance of the wire (usually termed the exierjial resist- 
ance) and also that of the battery (usually termed the inter 7 ial 
resista 77 ce). It is better to represent these component resist- 
ances by separate symbols, and to write the equation thus — 


where R = the external resistance, and r = the internal resist- 
ance. Since the battery has resistance, a portion of its E.M.F. 
will be used up in driving the current through the battery, and 
only the remainder of the total E.M.F. will be available for 
driving the current through the wire. This is rendered more 
evident by writing the above equation thus — 


(Total E.M.F.) 


CR 

(E.M.F, used 
in external 
circuit.) 


Qr 

(E.M.F. used 
in internal 
circuit.) 


This IS represented diagraminatically in. Fig. i8r, where 


AB represents the internal 
resistance and BC the ex- 
ternal resistance. AE is the 
total E.M.F., and Y.e is the 
portion used up in overcoming 
the resistance of the cell, while 
BE' represents the difference 
of potential between the ends 
of the wire. The current is 
represented by the tangent of 



the angle EGA, hence C = 


and also C 


BE' 


or, 'Ec — C?-, and BE' = CR. 

Therefore AE = E^ E BE' = Cr + C R. 

Example i.— A Grove cell hti.s an internal resistance of 0.5 ohm, 
and its total ICM.h'. is r.9 volt. The pole.s are joined by a wire, the 
resistance of which is 1. 5 ohm. Find the current produced and the 
potential difference between the terminals of the cells. 

R=i.5, 7 '= rz0 . s , F— 1.9. 
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1.9 1.9 

- R + /- i.5+o.5 = T- = °-95^”>'‘''''"' 

Potential difference between the ends of wire = CR = 0.95 X 1.5 
= 1.425 volt. 

Example 2. — The total E.M.F. of a batteiy is 10 volts. When 
the poles of the battery are connected by a wire a curient of 2 
amperes is obtained, and the potential difference of the battery poles 
drops to 7. 5 volts. Find the resistance of the battery and of the wire. 

^ E ^ E 10 , 

C = = , or R + ?'= — = — = 5 ohms. 

R + r C 2 


Potential difference between the ends of wire = CR ; 
or, 7.5 = 2 X R. 

Hence P-= 3-75 ohms. 

But R + ?'=5 ohms, therefore - 3.75= 1*25 ohms. 

Divided External Circuit . — If a 7iu7nber of condiecfors 
are art'ajiged tuith iheir e?}ds vi co^i- 
tact so that a cu7're?it c?itering at 
o7ie C7id has several paths ope7i to 
tp they are said to be ar?'a72ged in 
parallel. Fig-. 1 S 2 represents a. \’ol- 
taic cell AB, with its poles con- 
nected together by two wiies in parallel, 
the resistances of which are 
and r.-y. The potential difference be- 
tween the ends of the wires is the 
same in both cases ; let it be denoted 
Fig. 1S2. by E. 

If is the current traversing the wire then c\ ■ 



The total current C traversing the circuit is ecjual to the 
sum of Oj and ; 

or, 


Hence the C077tbi7tcd 7'esista7ice of tivo wires 
equal to their product divided by iheir su 77 i. 


771 parallel is 
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Exaffiple . — The poles of an accumulator (E.IvI.F, =2 volts) aie 
connected by two wires in parallel, the resistances of which are 
5 ohms and 6 ohms respectively. If the internal lesistance of the 
accumulator is o. i ohm, find the total curicnt traversing the circuit. 


, . S X 6 so 

The external resistance= -- " — =^ = 2.72 

+ II II 

mately. 

The total resistance = 2.72 +0.1 = 2,82 ohms. 


The total current = j^ = ^— = 0.708 amperes. 


ohms a23proxi- 


Special Case of Cimtfiicto^s hi Parallel . — If the comjDonent 
resistances in a divided external circuit are ccjual to one 
another, then the above formula may be considerably simplified. 
Thus, if then 


We may imag'ine the two wires to be merged into one wire 
of twice the cross-section of either ; the resistance of this 
thicker wire , would be 


half that of the thinner 
Avire, shoAving that the 
resistance of a wire %'aries 
inversely as its cross- 
scciion. 

Potential Diagram 
of a Divided External 
Circuit. — Let AB and 
A'B' represent the resist- 
ances of two wires which 



are^ connected together 

in parallel. The potentials at A and A' are equal, so also at 
B and B', Imagine that a terminal wire of a galvano- 
meter is connected to a point li on the Avire AB, and that the 
other galvanometer wire is connected to a point Ji' on the 
Avire A'B'. A current will pass through the galvanometer 
unless h and /fare at the same potential, i.e. unless hv~l/v. 
Imagine that the point li' has been found such that no deflec- 
tion is observed on the galvanometer. 
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Then if and 

are the currents passing along AB 

and 

A'B' respectively, 



in circuit AB, 



and, in circuit A'B', 



therefore 


(i.) 

Similarly, 



and 



therefore 


(ii.) 


Hence, from (i.) and (ii.), x/?'- = ^'0/^4* 


This result explains how it is possible, in an experiment 
with four separate resistances, to determine any one of them if 



the other three are known, or to obtain the ratio of any two of 
them if the ratio of the remaining- two is known. 

Wlieatstone’s Bridg-e. — Wheatstone’s Bridge is a i)rac- 
tical application of the theoretical result obtained in the 
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previous section. Fig-. 184 represents a simple form of 
the Bridge. It consists of a uniform manganin (or iridio- 
platinum) wire, one metre long, stretched alongside a metre 
scale, and with its ends soldered to stout copper strips E 
and F. There are four gaps between copper strips fixed 
along the other edge of the board ; but in simple measure- 
ments the gaps U and V arc closed by copper strips held in 
position by binding screws. The resistances R and X to be 
compared are connected to binding screws as shown. The 
battery is connected to the screws B and C. The divided 
circuit consists of the Uvo paths BRDX and BEFC. The 
galvanometer is connected to the screw D and to the sliding- 
contact A ; the latter touches the wire EF only when the 
knob is depressed. Having found by trial the position of 
A which gives no deflection, then, since the wire is uniform 
in cross-section and material, and therefore the resistance of 
any part is proportional to the length of that part, the ratio 
R/X must be equal to the ratio of the lengths P and Q. As 
the above equality may also be written P/R = O/X, the battery 
and galvanometer may be interchanged, and there will still be 
no deflection.^ 

Experiments -with, the Wheatstone Bridge. — In 
order to determine the actual resistance (in ohms) of a wire by 
means of the Wheatstone Bridge, it is necessary to know the 
resistance of the wire wdth which it is compared.^ 

EXPT. 16 1. — (i.) To fo'ove f/iaf the rcsisfauce of a wire 
ri'aries imfcp'sc/y as the cross-section. — Measure the resist- 
ance (R|) of 1 metre of German-silver wire (No. 28 
S.W.G.), and measure its diameter {d^ by means of a 
micrometer screw gauge. Measure the resistance (R.,) of 
r metre of German-silver wire (No. 22 S.W.G.), and also 
its diameter {d.f 

If s^ and .V., are the cross-sections of the wires, 

and r, and r, their radii, then ^ 

^ ■“ TT X J'.r r.c 

^ 1 - c»liin or 2 -ohm coils inny l>c purchased at small cost, or the 
slnclenl may make a rougli copy of a l-ohin c<iil by winding 02. 1 cms. 
f)f manganin wire (Nb>. 22 S.W'.G.) on a cotton icel, and soldering the 
flee ends of tile niie to slioit lengths of thick coppei wiie, to scree as 
connectors to tlic bimling-sm'ews. 

* Tlie area of a circle (radius r)-~Tr'.- ( rr. 
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(ii.) 


Prove that 


Ro 


■fo 

•^1 





'To prove that the resista 7 jce of iioo vires in p>arallel 


= (^see p. 290). — Connect in parallel the 

Ri + 

two German -silver wires used in the previous experi- 
ment, and measure the resistance (R) between the 

extreme ends. Prove that R = r— J — f-. 

Rj -f- R^, 

(iil.) To prove that the resista 72 ee of a virc depends 
tip 07 i its teniperattere . — Wind a metre of copper wire (No. 
28) into a spiral, connect its ends to the bridg-e 
terminals, and fix it in a vertical position just over a 
Bunsen flame (taking care to adjust the spiral so that 
consecutive -tuims are not touching). Measure the 
resistance while hot, and repeat the measurement after 
the wire has been allowed to cool. Notice that the 
resistance is greater when hot. 


GROUPING OF CELLS 

The various methods of grouping cells together so as to 
form a battery have already been described in Chapter XVII. 
(p. 249), and are there classified under three headings — (i.) in 
series^ (ii.) in parallel^ and (iii.) i?2 series-fat'aUel, 

Cells in Series. — If n cells are connected together in 
series, and if E and rare the E.M.F. and internal resistance 
of each cell, then 

The total E.M.F. =7/E. 

,, internal resistance — ?i 7 '. 
rE 

Then, by Ohm’s Law, C = . ( i > 

R -i- nr ^ ' 

Fig. 185 represents a battery of two cells in series. The 
continuous and the thick dotted lines are the potential diagrams 
when the circuit is open and closed respectively. The lengths 
AB and BC represent the internal resistances of the cells, and 
CD represents the external resistance. AV (or CV") is the 
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total E.M.F. The current is represented by the ratio 

(/.e. by tan 6). Before the circuit is closed the potential 
difference between the terminals is CV', but as soon as the 
circuit is closed the potential difference at the terminals falls 
to Cv. The remainder of the total E.M.F. (viz. V'w) is used 
up in overcoming the internal resistance of the two cells and 



Fig. 183. — Potential diagram of a simple circuit containing two cells in series. 

the resistance of the connecting- w-ire BB. (The latter is 
usually very small, and may be disregarded.) In this case 
2E 

equation ( i ) becomes C = p — — . 

Special Case. — Suppose that one of the n cells is accidentally 
reversed, so that it tends to scrul a current in the opposite direction. 
What will be the final result ? There are w — l colls tending to send a 
current in one direction, and \\ith an 19.M.F. =(« ~ i)E, while thei-e 
is one cell tending to reverse the current with an E, M.F. =P1 The 
resultant E. M. F. = (// — i )K — E — (« 2 )E. 

Ilcncc, by Ohm's Law, C = ~ 

R + «r 

Cells in Parallel. — If m cells arc connected together in 
parallel, the E.M.F. will be the same as that of one cell. The 
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arrangement will be equivalent to one large cell, the plates of 
which are in times as large as those of a single cell, hence the 
T 

internal resistance will = — (where r—the resistance of a single 
m 

cell). 

E 

By Ohm’s Law, C= • • ■ ■ (-) 


Cells in Series -parallel. — If the cells are arranged in 
m rows, each row containing n cells in scries, then the resistance 
of each row is nr. The effect of having m rows side by side 
will be equivalent to enlarging the plates of each cell in times, 

and the total internal resistance will be . The total E.M.F. 

Ill 

will be (i.e. the same as n single cells in series). 

47 T7 

By Ohm’s Law’, C = - (3) 


Arrang-ement of Cells for Maximum Current. — It 
is clear, from equation (i), w’hen 7' is small compared with R, 
that the current obtained is appro.ximately proportional to the 
number of cells used. But if R is small compared with 
then the current is scarcely increased b)’ an increase in the 
number of cells, since the total resistance (R-|-7;7') w’ill be 
increased almost in the same proportion as the E.M.F, ; in 
this case it is advantageous to connect the cells in multiple 
arc so as to reduce the internal resistance. It can be pro\'cd, 
by mathematics, that a maximum current is olitained w'hen the 
cells are so arranged that_ the internal resistance is equal to 
the e.xternal resistance. 

Example ^ i.— The poles of a battery of three cells (each having an 
internal resistance = 3 ohms, and an E.M.F. = i volt) are joined by a 
wdre having a resistance of 0.5 ohm. Find (he magnil'ude of the 
current (i.) with three cells in serie.s, (ii.) with two celL in series, and 
(iii.) w'ith three cells in parallel. 

.. _ Kjn 3 3 
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(ii.) C== 


R + ;, 


0-5+4 


(iii.) C 


E i_ 

R + - 0.5-+-I 

3 


^^^ = 0.44 ampere. 
^-^-^ = 0.86 ampere. 


Evidently two cells will give approximately the same current 
as three cells, and a much greater current is obtained if the 
three cells are in parallel. 


Example 2. — Repeat the calculations in Example i, but making 
the external resistance much greater. Let R = 20 ohms. 


(ii.) C= — —0.083 ampere. 

' 204-4 24 

I I 

(ill.) C== ^ 0.049 ampere. 

20 4 f 

3 ' 

(iv.) With single cell, C = -^-- = ^ =0.045 ampere. 

In this case it is evidently an advantage to increase the 
number of cells in series, and a single cell gives almost the 
same current as several cells connected in parallel. 

EXPT. 162. — (i.) Connect two Daniell cells in series, and 
connect the terminals of this battery to the low resistance 
coil of a tangent galvanometer by means of thick copper- 
wire. (Observe the deflections in each of the following 
cases : — 

(ex) With the two cells in scries (deflection = 9 
y/) With a single cell (deflection =■ 6*.,), 

(c) With two cells in parallel (deflection = (9,.). 
Observe that tan 9^ approximately -- tan (9.,, and that 
tan 6^., is considerably gi'catcr than either tan 0^ or 
tan 9.,. 

(ii.) Repeat the previous experiment, but use the higher 
resistance coil of the galvanometer, and perhaps increase 
the cxtci-nul i-esistance still more by insei-ling a length 
of thin German-silver wire into the circuit. If the 
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deflections are denoted by 0^^ ( 9 .,, and 6„ respectively, 
observe that tan 6^ approximately = 2 tan 6^^ and that 
tan 6*2 approximately = tan 8.^. 


Chief Points of Chapter XXI 


Electro-magnetic Units. — (i. ) Electromotive Force . — Unit potential 
difference exists between two points when i erg of work has to be 
done in order to convey unit quantity of electricity between the two 
points. 

(ii. ) Resistance . — A conductor has unit resistance when unit poten- 
tial difference between its ends causes a current of unit strength (p. 275) 
to flow through it. 

Practical Units. — (i.) Current . — The Ampere = -iV electro-magnetic 
unit. (ii. ) EkcFomotive Fo7'ce . — The Volt — 10^ electro-magnetic units, 
(iii.) Resistajue . — The Ohm=io'‘’ electro -magnetic units. 

Practical Application of Ohm’s Law. — By giving to the symbols 
C, E, and R their numerical value in practical units, the expression 

C = - becomes a correct mathematical equation. The symbol K refers 
to the total resistance in the circuit, hence Ohm's Law^ is moie com- 


pletely expressed by the equation C = 


R + r 


(where R = external 


resistance, and internal resistance). 

Divided External Circuit. — If two wires, ha\ing resistance K[ and 
Rg respectively, are joined in parallel, the combined resist niirc is 

given by the formula, R = . 

Wheatstone’s Bridge is an appliance for comparing any two 
resistances. 

Grouping of Cells. — (i.) In Seales . — If n cells (each having an 
E.M.F. =E, and internal resistance = r) are Joined together in seiies, 

and if R = external resistance, then C=— . 

R -4- nr 

(ii. ) In Pai-allel . — If in cells are joined together in parallel, then 
^ E 


(iii.) In Series-parallel . — If nin cells ai'O joinetl t(\gfther in m lows, 
each containing n cells in seric.s, then C = 
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Questions on Chapter XXI 

1. Two galvanic cells aic made by clipping (i) plates of zinc and 
platinum into a beaker of dilute sulphuric acid, and (2) plates of zinc 
and copper into another beaker containing the same liquid. The plates 
can be connected by copper wires. Explain with diagram how the 
two cells may be connected in series .so as to (i) strengthen, (2) weaken, 
the current produced by one of them. 

2. It is intended to set up loo Grove cells in series, but by 
mistake 10 cells are arranged in opposition to the rest. What is 
the relation of the potential difference of the terminals on open circuit 
to that w’hich would have been obtained if the mistake had not been 
made ? 

3. Find the total resistance in a circuit in which an E. M.F. of S 
volts gives a current of 1.5 amperes, 

4. The E. M.F. between the poles of a battery i.s 12 volts when the 
external circuit is ‘‘open,” and ro volts when it is closed by a icsist- 
ance such that a current of 6 amj^eres is piassing. Find the resistance 
of the battery. 

5. The zinc polo of a Daniell cell being joined to the platinum 
pole of a Grove cell, the other poles ai'C connected up with a tangent 
galvanometer, and produce a cuirent of 0.5665 ampeic ; the zinc pole 
of one is next Joined to the zinc pole of the other, and the +ve poles 
are connected with the galvanometer by the same wires as before, 
whereby a current is produced whose value is 0.0S7 5 ampere. Deduce 
the ratio of the E. M.F. of the two cells. 

6. Four cells, each of 2 volts E.M.F. , and o. i ohm internal icsist- 
ance, are used to send a cunent through a wdic of resistance o. i ohm. 
Compare the currents in the wiie when the cells arc (i.) in series, (ii.) 
in two parallel rows, each with two in scries, (Hi.) all parallel. 

7. A galvanometer connected (fr) in series, (//) in parallel, with a 
re.sistancc of 3 ohms and a battery of constant FI. M.F. and negligible 
resistance, indicates current.s which are in the ratio of 3 to 4. F'ind 
the resistance of the galvanometer. 

S. A W'ire is formed into a circle, i foot in diameter, and two 
points, A and J>, a quaitcr of the circumference apart, arc connected to 
the poles of a battery of FhlVI.F'. 2 volts, and resistance 5 ohms. If 
I foot of the wire have a resi.stance of 6 ohms, find the current in the 
battery and in the tw'o parts of the wire. 

9. Flxplain the principle of the Wheatstone Bridge, and describe 
briefly how it is used in order to comj)arc two resistances. 



CHAPTER XXri 

THERMAL AND CHEMICAL EFFECTS 

Apparatus required , — Two large Bunsen cells. Platinum wire 
(No. 32 S.W.G.). Thermometer. Two calorimeters 
(Fig. 186). Burette. Dilute HoSO^^ (i in 8). Solution 
of copper sulphate. Apparatus for electrolysis of water 
(Fig. 187). Water voltameter. Copper voltameter. 
Tangent galvanometer. Nitric acid. Balance and 
weights. 


THERMAL EFFECTS 

Conversion of Electrical Energy into Heat. — Unit 
potential difference has already been defined as that which 
requires the expenditure of unit work in order to convey unit 
quantity between two points, the potentials of which differ by 
unity. If the unit quantity is forcibly conveyed from lower to 
higher potential (J.e. in opposition to the electric foices) the 
work has to be done by some external agency ; but if it 
proceeds in the opposite direction (/.c. in obedience to the 
electric forces), then unit work will be done by the electric 
forces. In a simple electrical circuit this work rcai)pears in 
the form of heat. 

If Q coulombs of electricity traverse a wire, between the ends of 
which there is a potential difference of E volts, then the measure of 
the work clone in the wire is (Q x E) practical units. (This unit of 
work is called the Joitle.'^) 


James Prescott Joule (1S1S-1S89), horn at Salford. 
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If this is expressed in electro -magnetic units, since i coulomb 
= electro -magnetic unit of Quantity, and i volt =10® electro- 
magnetic units of P.D., the work done = QE(-iig- X lo®) ergs = QE 
X 10^ ergs. Hence i Joule =10^ ergs. 

Since Q = C/‘, the work done = EC/ Joules. 

But, by Ohm’s Law, E = CR. 

I-Ience EC/ Joules = CH<./ Joules = (CH</ x 10") ergs. 

This is an expression for the quantity of work which reappears as 
heat in a simple circuit. 

Experiments on the G-eneration of Heat in a 
Simple Circuit. — -From the theoretical results deduced in 
the previous section the amount of heat generated depends 
both upon the current and the resistance. 

ExPT. 163.— Connect two large Bunsen cells in series. 
Connect the poles, by means of thick copper wires, to 
the ends of a short piece of platinum wire (No. 32 
S.W.G.). Observe how the wire is heated, and perhaps 
even glows. If the wire is too long it will not glow, 
since the total resistance is too great to allow sufficient 
current for the experiment ; the resistance may be 
reduce^d either by shortening the wire, or by 1 educing 
the resistance of a portion by immersing it in a vessel 
of cold water, when the remaining portion will glow 
brightly. 

Since the battery has internal resistance heat will also be 
generated in this portion of the circuit. 

Expt. 164. — Immerse a thermometer in the acid of one 
of the cells, and read the temperature of the liquid. 
Connect the poles by means of a short thick wire, 
and allow the current to continue for a short time. 
Observe how the temperature of the battery gradually 
rises. 

Joule’s Law. — The heat g-enerated in a simple 
circuit is proportional (i.) to the square of the 
current, (ii.) to the i*esistance, (iii.) to the time during 
which the current continues. The general principle 
of the apparatus which Joule used in the experimental proof 
of this law may be understood by reference to Fig. 186. The 
ends of an open coil of thin German-silver wire are connected 
to thick copper wires passing through a wide coi'k fitting into 
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the top of a thin metal vessel (made of sheet brass or copper 
and called a calori?nete 7 -) containing water. A thermometer is 
fixed through the centre of the 
cork so that its bulb is immersed 
*'* ill the water. In order to prev'^ent 

, ^ , the current from leaking through 

the water instead of traversing 
j g the wire, it is advisable to coat the 

surface of the wire with a thin in- 
sulating layer of shellac by dipping 
the wire into shellac varnish and 
heating it in an air-bath to 1 40° C. 
Expt. 165. — (i.) Pour a mea- 
sured quantity of water into 
the calorimeter sufficient to 
cover the German -silver 
wire. Read the thermo- 
meter. Complete the cir- 
cuit, which includes a tan- 
gent galvanometer and one 
Bunsen cell, JsFote the time. 
Read the deflection, and 
allow current to pass until 
the temperature has risen, 
say, 3“ C. Occasionally 
shake the calorimeter slightly so as to allow the water to 
become uniformly heated. Note the time at the instant 
of breaking the circuit. Repeat the e.xperiment, using 
two cells, and allowing the current to pass for the same 
period of time as before. 

.r, , Rise of temp., (tan ( 9 ,)- 

Prove that ^ 

Rise of temp.., (tan o'.,) - 

(ii.) Replace the water by the same volume of fresh cold 
water. Use one cell only, and repeat Expt. (i.), but 
allowing the current to proceed for twice the length of 
time. Observe that the rise in temperature is twice 
as great as before, or 

Rise of temp. ^ time ^ 

Rise of temp. 3 ~ time 



Fig. 1S6. — Apparatus for measuring 
heat developed in a wire. 
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(ill.) Connect together two calorimeters of the same size in 
series, but let the spiral in one of them be Hvice as long- 
as that in the other. Pour equal volumes of cold water 
into the calorimeters, and observe the rise in temperature 
of the water in the two vessels after a current has 
passed for a short time. Notice that the rise in 
temperature due to the longer spiral is twice as great 
as that due to the shorter spiral. Hence the heat 
generated is proportional to the resistance. 

The relationship between the heat generated and the 
resistance may -be well shown by passing a fairly strong- 
current through a chain the alternate links of which are made 
of thin platinum and silver wire (both of same diameter). 
Platinum has a much higher resistance than silver, and more 
heat will therefore be generated in the platinum than in the 
silver, with the result that the former will glow brightly while 
the latter will remain comparatively cool. 


The amount of heat generated is measured in teims of a unit 
called the caloric.^ If W = weight of water used, and T = ii.sc in 
temperature, 

^ Heat generated = (W x T) calories. 


By elaborate experiments Joule has deteimined that the eneigy 
equivalent to one calorie, expre.ssed in units of woik, is (4. 2 X 10”) 
ergs. 

But the work done in a simple electric circuit = (C-R/ x 10”) ergs, 
llencc the number of heat units generated in a .simple circuit = 

/Cd'l/xio"\ C-R/ , . 

( - --I = calories. 

V 4-2 X lo- J 4.2 

This result indicates that the measurement of the heat developed in 
a wire of known resistance affords a means of mcasuiing the strength 
of the current travensing the wire. The amount of heal generated in 

the calorimeter, (W x T), is equated to —^3 thus 


WxT=- 


4.2 
^ ^ X 4- 2 


^ 'I'he calorie is the amount of heat required to raise 1 gnim of water 
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The essential data are (i. ) the resistance of the wire, (li.) the 
weight of water in calorimeter, (iii.) the rise in tempeiature, and (iv. ) 
the time. 


CHEMICAL EFFECTS OF THE ELECTRIC CURRENT 

Liquid Conductors. — The passage of a current through 
mci'ciiry is similar in every respect to the passage of a current 
through a solid metal conductor — heat is developed in the 
mercury, but no other change is evident. But when the 
current traverses other liquids {e.g. acids, solutions of chemical 
salts, etc.) they undergo chemical change. Liquids udiic/i 
undergo chemical change when traversed by an elcciric currenl 
are termed Electrolytes, and they are said to undergo 
Electrolysis. 

EXPT. 1 66 . — (i.) Connect two short lengths of platinum 
wire to copper wires attached to the poles of a battery. 
Dip the platinum wires into a beaker of dilute sulphuric 
acid. Notice how bubbles of gas are liberated from the 
wires. 

In a subsequent experiment it will be found that these two 
gases are hydrogen and oxygen — the constituent elements of 
water — and that the oxygen is being liberated from the wire 
connected to the + ve pole of the battery, and the hydrogen 
from that connected to the — ve pole. The water is under- 
going the process of electrolysis. 

The ends of the wires connected to the battery are termed 
electrodes ; that by which the current enters the electrolyte 
is termed the anode, and that by which it leaves is termed 
the kathode. The elements (or group of elements) liberated 
at the anode and kathode are termed the anion and kation 
respectively. 

(ii.) Dip the platinum wires into a solution of copper- 
sulphate. Allow the current to pass for a few moments, 
and observe how the kathode becomes coated with a 
layer of copper (having a characteristic salmon-pink 
colour). 

Electrolytes. — Sulphuric acid (HaS 04 ) and hydrochloric acid 
(HCl) are typical examples of acid electrolytes. When the hydrogeir 
contained in the acid is replaced by a metal, then a salt is prodneed ; 
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copper sulphate (“blue vitriol,” CuSO^.), sodium chloride (“common 
salt,” NaCl), and sodium sulphate (“Glauber’s salts,” NuoSO^) are 
examples of chemical salts. Perfectly pure water is not an electrolyte 
(in fact, it can scarcely be called a conductor), but if it is acidulated 
with sulphuric acid it becomes a conductor and undergoes electrolysis. 

Electrolysis of Water. — A suitable form of apparatus 
(Fig. 187) maybe made in the following manner Cut the 
tube off a glass funnel and 
close the lower end by means 
of a cork, through .which pass 
two platinum wires. To the 
upper end of each wire weld a 
short strip of platinum foil, and 
solder the lower end to a piece 
of thick copper wire. Pour 
melted paraffin wax into the 
funnel as far as the lower edge 
of the foil. Select two test- 
tubes of exactly the same size. 

Expt. 167. — Nearly fill the 
funnel Vi»ith dilute sul- 
phuric acid ; fill the test- 
tubes with a similar acid, iS7.-Apparatus for electrolysis 

and invert them over the of water, 

platinum strips. Con- 
nect the copper wires to the terminals of a Bunsen 
battery (of at least two cells). Notice how the kation 
accumulates twice as rapidly as the anion. Break the 
circuit, and remove the test-tubes (carefully closing the 
end with the thumb before removing it from tlie acid). 
A'^erify that the kation is hydrogen, and that the anion is 
oxygen. 

The electrolj’sis of water may be represented thus : — 



PL ,0 

IValer 


II., + O. 

is decomposed 2 vols. , i vol. 

into Hvarocien Oxvij^et 


Faraday’s Laws of Electrolysis. — Faraday fully in- 
vestigated the phenomena of electrolysis, and deduced the 
following laws ; — 
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(i.) The mass of an ion set free by a current is 
proportional to the strength of the current, and to 
the time during which it flows. 

(ii.) If several different electrolytes are included in 
the same circuit, the relative masses of the liberated 
ions are proportional to their chemical equivalents. 
The chemical equivalent of an element is the weight of it which 
will combine with, or replace, one part by weight of hydrogen. 
It is numerically equal to the ratio atomic ‘iagf.l 7 >alc?icy ; the 
valency being the number of hydrogen atoms which will com- 
bine with, or are replaced by, one atom of the element. 

The first law shows that a current may be measured by the 
chemical action due to it; and any appliance demised for this 
purpose is called a Voltameter. Accurate experiments have 
proved that a current of i ampei'e liberates 0.1743 c.c. 
(measured at 0° C. and normal pressure) of mixed hydrogen 
and oxygen in one second ; also that the same current deposits 
0.0003393 gm. of copper in one second. 

The Water Voltameter (Fig. 18S). — Procure a wide- 
mouthed bottle (about 8 02. size) fitted with a cork stopper. 

Pass two stout copper 
wires through the cork 
at points about 2 cms. 
apart. Solder to the 
lower end of each 
copper wire a short 
length of platinum 
wire, to the lower end 
of which is welded a 
piece of platinum foil 
(about 3 cms. x i cm.). 
Protect the soldered 
joints with varnish. 
Through a third hole 
in the cork pass a 
piece of narrow glass tubing, the upper end of which is bent 
at right angles. The liberated gases may be collected in a 
calibrated burette inverted in a dish of water. Pour sufficient 
dilute sulphuric acid into the bottle to cover the strips of foil. 
Insert the cork and paint it with melted paraffin wax to 
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prevent any possible leakage. Care should be taken not to 
send too strong a current through the voltameter, since a hot 
platinum wire will ignite the explosive mixture of hydrogen and 
oxygen. 

Expt. 168. — Connect a tangent galvanometer and a water 
voltameter in series with a battery of two Bunsen cells. 
The current may be controlled, if necessary, by inserting 
a short length of German -silver wire in the circuit. 
Note the time at the instant of completing the circuit. 
Read the galvanometer at the end of each minute. 
Break the circuit when a considerable volume of mixed 
gases has been obtained, and note the time at the 
instant of breaking the circuit. Divide the volume (V) 
of gas by the time {f seconds). 

y = volume of mixed gases liberated in i second. 

But I ampere liberates 0.1743 c.c. of mixed gases in i second, 

I lence Current = amperes. 

/x 0.1743 

The Constant of a Tangent G-alvanometer. — It has 
been explained (on p. 268) that the current traversing the coil 
of a tangent galvanometer is j‘)roportional to the tangent of 
the angle of deflection (tan 6 ). The inouerical qiumiify by 
ivhich tan $ must be multiplied in order to give the numerical 
value of the curre 7 it {in amperes) is termed the Constant of 
the galvanometer. If this constant quantity is denoted by the 
symbol then the fundamental formula for the galvanometer 
may be written, Q—ky. tan Q. 

The value of k may he approximately determined by making a 
simple measurement of the current (by means of a water voltameter) 
and taking the average value of tan Q dining the passage of the current. 
All the reejuired data have therefore been obtained in Expt. 16S, and 
it is only necessary to apply the formula 

V _ 

tan Q / X o. 1 743 X tan d 

This value of k may be verified by measuring the current by means 
of the copper voltameter (Expt. 169). 

The Copper Voltameter. — The copper voltameter de- 
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pends upon the principle that copper is deposited on the 
kathode when a current traverses a solution of copper sulphate. 
The apparatus may be made in the following manner : — Cut 
two pieces of pure copper foil to the shape 
shown in Fig. 189 to serve as the electrodes, 
making the square surface of the kathode 
smaller than the anode. Make a 10-15 per 
cent solution of copper sulphate, and add 5 c.c. 
of strong sulphuric acid to each litre of the 
solution. Suspend the eleeferodes in a beaker 
of this solution from two copper wires resting 
on the edges of the beaker. Attach a binding 
screw to the end of each wire. 

Expt. 169. — Clean both copper plates by 
immersing them for a few seconds in 
strong nitric acid, wash thoroughly under the tap, 
rinse with distilled water, dry quickly m a water 
bath, and weigh separately when cold. Connect up 
a tangent galvanometer and the voltameter in series 
with a single Bunsen cell. Note the time at the instant 
of completing the circuit. Read the defection at the 
end of every two minutes, and allow the current to 
proceed for twenty to thirty minutes. Note the time 
at the instant of breaking the circuit. Quickly wash 
the copper electrodes, dry them and weigh separately. 
Determine the increase in weight of the kathode, and 
observe that the loss in weight of the anode is practically 
the same amount. 

If W = increase in weight of kathode, and / — duration of expcii- 
ment in seconds, 

W 

— = weight of copper depo.sitcd in i second. 

But I ampere deposits 0.0003293 gm. copper in i second. 

tience Cun'ent — - — ampeics. 

/X. 0003 293 

Theory of Electrolysis. — The theoretical explanation of 



Fig. 185. 
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the electrolysis of water is not so simple as would appear from 
the equation 


since this does not take into consideration the presence of the 
sulphuric acid which is essential to the experiment. The 
explanation of the simple voltaic cell (p. 24?) is directly 
applicable to the electrolysis of water ; the potential difference 
set up between the electrodes causes a breaking-up of the 
H^SO^ molecules, thus 

H2S0^=S0^+H2. 

The hydrogen is drawn towards the kathode and is there 
liberated, while the sidphion (SO^) is drawn towards the anode 
where it acts upon a molecule of water, thus 


and in this manner re-forms sulphuric acid and liberates 
oxygen. 

The student will remember that the accumulation of hydrogen on 
the copper plate of a simple voltaic cell causes polarisaiion (p. 240), 
and an opposing E.M.F. (or hack E.M.F. ) is thereby set up, since the 
hydrogen is a readily- oxidizable element, and behaves in a similar 
manner to the zinc plate of the simple voltaic cell. 

In the water voltameter this back E.M.F. is set up. If E== total 
E.IVI.F. of battery, and E' = back E.M.F. in the voltameter, the 
resultant E.M.F. for the complete circuit is E - \i\ and the magnitude 
of the current obtained depends directly upon the magnitude of this 
resultant E.M.F, If E' = E then no current will be obtained. In the 
case of a water voltameter E'=:i.47 volts, so that the E.M.F. of the 
battery mu.st be greater than this in order to electrolyse water. This 
explains why a single Bunsen cell (E.M.F. = 1.9 volts) will electrolyse 
water, and why it is necessary to u.se at least two Daniell cells (E.M.F. 
= 1.07). 

If the dilute acid i.s replaced by cupper sulphate, copper is liberated 
at the kathode instead of hydrogen, but the changes at the anode are 
the same as in the water voltameter. Since copper is not so readily 
oxidized as hydrogen, it follows that the back E. M. E. in this case i.s 
less than that of the waiter voltameter. This holds good if platinum 
electrodes are used, but the conditions arc altered if copper electrodes 
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are used ; oxygen is not necessarily set free, since it may combine with 
the copper anode and form copper oxide. 

Cu + O = CuO. 

In the presence of sulphuric acid, the CuO will dissolve to form copper 
sulphate, 

CuO + H..SO^= CuSO^ + hLO. 

The extent of this reaction depends upon the amount of acid present, 
but it is assured if the acid is added to the original electrolyte. More- 
over, this reaction is the more important since th<? back E.M.F. will 
no longer exist, for the chemical energy absorbed in removing the 
copper from the solution at the kathode is restored by the solution of 
an equal weight of copper at the anode. It will also be observed that 
the re-formation of CnSO^ at the anode ensures the strength of the 
solution being maintained. 

The student will notice an analogy between these phenomena 
of electrolysis and the movement of + ly and - ly charged 
conductors in an electrostatic field of force. A modern theory 
maintains that in an electrolytic cell, the kation has a + vc 
charge and proceeds along the lines of force from higher to 
lower potential, and that the anion has a - ve charge and 
proceeds in the opposite direction. 

Further Examples of Electrolysis. — The student w-ill 
have observed that, in the electrolysis of sulphuric acid (or, as 
it may be termed, hydrogen sulphate) and of copper sulphate, 
the hydrogen and the copper traverse the electrolytic cell in 
the same direction. This statement holds good in the 
electrolysis of all metallic salts, and it is an invariable rule 
that the metallic ion always travels with the current. 

Electroplating'. — The commercial process of depositing 
a thin layer of a metal by electrolysis on the surface of a baser 
metal {e.g. German silver) is termed electroplating. . The 
metal articles which are to be electroplated are suspended in 
a bath of a suitable electrolyte, and are so connected to a 
battery (or dynamo) as to serve as the kathode when the 
circuit is complete. The following table gives the main details 
in the processes of copper -plating, nickel-plating, electro- 
silvering, and electro-gilding. 
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Anode. i Electrolyte. 

Copper. 

Solution of copper sulphate. 

Nickel. 

Solution of nickel-ammonium sulphate 
and ammonium sulphate. 

Silver. , 

Solution of double cyanide of silver 
and potassium. 

Gold. 

Solution of double cyanide of gold 
and potassium. 


Chief Points of Chapter XXII 

Conversion of Electrical Energy into Heat. — When an electric 
current traverses a simple circuit the work done by the electric forces 
reappears in the form of heat. 

Heat is generated wherever resistance is offered to the passage of 
the current, and it will therefore appear inside the battery as well as in 
the external circuit. 

Joule’s Law. — The heat generated in a simple ciicuil is proportional 
(i.) to the square of the current, (ii.) to the resistance, and (iii.) to the 
time during which the current continues. 

The heat may be measured by observing the rise in tempcjaturc of 
a measured volume of water. One unit of heat (the Calorie) will raise 
the temperature of i gram of water through 1“ C. 

The work done in the circuit = C-R/ Joules = (C“R/ x 10") ergs. 

The mechanical equivalent of i calorie = (4. 2 x 10^) ergs. 

Hence the heat generated = — — calories. 

4 - 2 

This result indicates how the strength of the current may be 
determined by measuring the amount of heat generated in the circuit. 

Chemical Effects. — I.iquids which undergo chemical change when 
traversed by an electric current are termed Jtkclrolyles, and they are 
.said to undergo Electrolysis. The terminals dipping into the electrolyte 
are termed electrodes ; the - Inode i.s the terminal by which the current 
enters the electrolyte, and the Kathode is the terminal by which the 
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current leaves the electrolyte. The Am'o}! and Katioti are the 
elements (or groups of elements) liberated at the anode and kathode 
respectively. 

Electrolysis of 'V^zX%r,~Hydroge?i and are the kation 

and anion respectively, and are liberated in the proportion of two to 
one by volume. 

Faraday’s Laws of Electrolysis.— (i.) The amount of chomioal 
action is equal at all points of a circuit, (ii.) 77 ie amount of an etc /non t 
(or io 7 i) hbe/'ated is proportional to the strength of the Lur/ent, a/ui to 
the time d/i/'ing ivhich it Jlosvs, 

The Water Voltameter is a form of apparatus in which the 
hydrogen and oxygen set free by the electrolysis af water are collected 
together in a measuring vessel. By Faraday’s second law the current 
strength may be calculated from the volume of mixed gases liberated 
in a given time. 

The Constant of a Tangent G-alvanometer is the numerical 
quantity by which tan 6 must be multiplied in order to give the 
strength of the current (in amperes). If the constant is denoted by 
the symbol k, then C = d’ tan 6 . 

The Copper Voltameter is a form of apparatus in which the 
current strength may be calculated from the weight of copper depo.siterl 
on the kathode in a given time. 

Theory of Electrolysis. — The electrolysis of water (aciduhUetl 
with FL,S04) supposed to take place in two .stages, (i. ) H.,SO^ = SC..)j 
+ 1 - 1 . 2 , ) SO4 + lip = FL,SO , H- O. ' “ 

The hydrogen liberated af the kathode sets up a baoh li.Jf.T. equal 
to 1.47 volt ; for this reason water cannot be electrolysed by means of 
a single Daniell cell (E. M.F. == 1.07 volt). A much smaller back 
E.M.F. is set up when the acidulated water is rcjdaced hy a solution 
of copper sulphate; if the anode is a copper jdutc there is no back 
E.M.F. 

Direction of Movement of Ions. — The metallic ion always travels 
7 iiith the current. 

Electroplating is the process of depcjsiting a thin hq-er of one 
metal upon another by means of electrolysis. 


Questions on Charter XXII 

1. Explain why, when a suffi.cientl}’’ strong current ]»a.s.si*s tlirough 
an incandescent lamp, the lamp becomes hot, \%’lule the wires which 
lead the current to it arc comparatively cold. 

2. A current flows through a copper wire, whicli is tliicker at one 
end than at the other. If there is any difference either (l) in the 
strength of the current at, or {2) in the temperature of, llie two eiuti 
of the wire, state how they differ from each other, ami why. 
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3. The current from a voltaic battery is passed at the same time 
through a thin wnre and through dilute sulphuric acid, connected in 
series. What will happen to the wire and to the dilute acid ; and what 
change (if any) will be produced in each case by reversing the battery 
connections, so as to alter the direction of the current through the wire 
and liquid ? 

4. State Joule’s law for the heating effect of a current, and explain 
how it can be experimentally illustrated. 

5. Find how many grams of water would be heated C. by im- 
mersing in it a wire coil whose resistance is 7 ohms, and passing a 
current of 0.3 ampere for ten minutes, supposing all the heat com- 
municated to the wS,ter. 

6. State Faraday’s Law's of Electrolysis. 

7. What will occur when you connect {a) one Danicll cell, {b) tw'o 
Daniell cells, wdth a water voltameter ? 

8. Plates of copper and of platinum are dipped into a solution of 
copper sulphate, and a current is passed through the cell from the 
copper to the platinum. Describe the effects produced ; also what 
happens when the current is reversed. 

9. A numloer of cells formed of plates of zinc and platinum, immersed 
in dilute sulphuric acid, are to be connected in a circuit, so that the 
platinum of each cell is in contact with the zinc of the next. What 
effect, if any, would be produced on the current if, by mistake, one 
cell was made 4rp with tw'o platinums instead of with one platinum 
and one zinc plate ? 

10. An electric current (which is the same in all parts of the 
trough) flows horizontally in a trough filled w'ith copper sulphate. A 
rod of copper is then supported horizontally in the trough, with its 
length parallel to the direction in which the current is flowing. How 
will the rod be affected by the current? 

11. Two pieces of lead connected by wires with the jtxfles of a 
voltaic battery are dipped into a solution of lead acetate. .State what 
happens, and show' how to prove your statements c.xpeiimcntally. 

12. How may electrolysis be used to te.st the accuracy of an 
instrument designed It) measure a current in amperes ? 

13. Tw'o wires of the same size and length, one of copper and the 
other of iron, arc joined in .series and connected to the poles of a 
battery. In this case the iron wire becomes hotter than the copper. 
The tw'o wires are then connected in parallel to the .same battery, and 
the Copper is observed to become hotter than the iron. i'h\ plain these 
observations. 

14. A current is .sent through a piece of fine wire by a voltaic cell, 
the resistance of which is very small compared with that of the wire. 
How will the heat produced be altered if the length of the wore is 
halved ? 
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RENTS ELECTRO-MAGNETIC INDUCTION 

ApparaHis required . — Apparatus as represented in Fiys. 191 
and 194. Coils and flat spirals of wire. Mirror gal- 
vanometer. Small bar-magnet. Bunsen cells. 

Behaviour of a Linear Current in a Magnetic 
Field. — If A (Fig. 190, i.) represents the cross-section of a wire 
conveying a current do%V7i through the paper, and n a single 
north-seeking pole, the latter will tend 
to move round A in a clockwise direc- 
/' A tion to n'. But if n is flxed and A 

/ free to move, then A will nio\’e in 

©A ^— < • such a manner that it will subse- 

j A quently occupy the same relative posi- 

j., jd tion with respect to n as would be 

the case if A were fixed and n were 
(f) (if) free to move ; hence A will move 

towards A' (Fig. 190, ii.). This 
* ■ effect, being continuous so long as the 

current lasts, will cause A to rotate round and it can be 
experimentally verified with the apparatus shown in Fig. 191. 
G is a glass tube (20 cms. x 4 cms.) closed at both ends with 
corks. A cylindrical bar-magnet is fixed through the centre 
of the lower cork with its north-seeking pole uppermost and 
projecting a short distance into the tube ; a copper wire is also 
fixed through the same cork. A thick wire bent into the 
form of a hook is passed through the centre of the upper cork, 
and supports a thin wire the lower end of which dips into the 
mercury (H). 
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Expt, 170. — Take special precautions that the surface of 
the mercury is quite clean. Pass a strong current do'wn 
the wire, and 
observe the 
direction of 
rotation. Re- 
verse the direc- 
tion of the 
current and 
observe how 
the rotation is 
reversed. 

This movement 
of the current is due 
to the field of the 
magnet, and at any 
instant the direction 
of motion is perpen- 
dicular to the direc- 
tion of the lines of 
magnetic force and 
also to the direction 
of the current. The 
following rule, due 
to Professor Flem- 
in^q will be found useful in determining the direction of motion 
of a linear current when placed in a magnetic field ; — Hold 
the thiunb and first finger of the lej‘t hajid as fully extended as 
possible y and bend the second finger at right angles to the falni. 
If the fint finger represents rhe direction of the lines of force ^ 
and the second finger that of the current, t/icji the thumb ^vill 
indicate the direction of 7 notion (Figc 192). 

The same phenomenon can be demonstrated by passing a 
current along a long piece of very thin copper wire (or, pre- 
ferably, tinsel) which hangs near a stiong bar-magnet held 
vertically in a clamp. As soon as the current passes, the 
tinsel wraps itself spirally round the magnet (Fig. 191 a), the 
direction in which it winds itself round the magnet depending 
upon the direction of the current and the polarity of the 



Fig. 191. — Apparatus 
ior showing rotation 
of II linear current 
round a magnet- 
pole. 
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Motion of a Linear Current in the Field due to 
another Linear Current. — Let AB (Fig. 193) be a fixed 
wire conveying a current from A to B. The direction of the 
magnetic force at P, due to the current in AB, will be 
downwards and at right 
angles to the paper. If 
a wire CD, which is free 
to move and conveying a 
current from G to D, 
passes through P and is 
parallel to AB, then the 
left-hand rule deduced 
above indicates that CD will move towards AB ; in other 
words, CD will be attracted by AB. If the current in 
CD is reversed then repulsion will take place. Hence, 
according to theory, two parallel wires coni'cyrng currents in 
the same direction 
will ati 7 -act each 
othe 7 % ajid if the cu?'- 
re?jts are i?i opposite 
dircctiofts they will 
repel each othc 7 \ 

Expt. 1 7 1 . — 

Bend a copper 
wire into a rec- 
tangular form 
ABCD (Fig. 

1 94) and solder 
the ends to two 
lengths of tin- 
sel, the upper ends of which arc 

soldered to two copper wires Fig. i94.-Appamtus to sho 
passing through the cork X. aur.iction and lopulsion 
, . 01 lineal cniieius. 

Clamp the cork at a convenient 

height. Connect the wires to the terminals of a 
battery, and include in the circuit a length of free wire 
EF. Hold EF near to and parallel to the .sides of the 
suspended rectangle, and verify attraction in one case 
and repulsion in the other.. 
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ELECTRO-MAGNETIC INDUCTION 

Faraday’s Discovery of an Induced Current. — An 
electric current traversing a wire creates a magnetic field in the 
space surrounding the wire, and the field may be regarded as a 
juagnetic whirl round the wire. If the creation of a current 
creates a magnetic field, and if the two are indissolubly con- 
nected, it might be anticipated that the creation of a magnetic 
whirl round a wire by some external agency would create a 
simultaneous current in the wire. The truth of this was first 
experimentally verified by Faraday in 1831 ; his initial experi- 
ment proved that if magnetic lines of force are suddenly 
introduced into a hollow spiral of wire (the ends of which are 
joined together), a current is generatecl in the spiral so long 
as the magnetic disturbance continues. Faraday gave the name 
Induced Currents to currents generated in this manner. 

Expt. 172. — Select a cylindrical coil consisting" of many 
turns of fine cotton-covered copper wire ^ (10 layers of 
40 turns each of No. 28 
S.W.G. is convenient) wound 
on a hollow reel of sufficient 
internal diameter to allow a 
small bar-magnet to be readily- 
inserted. Connect the ends 
of the coil to a mirror galvano- 
meter (a d’Arsonval pattern 
will be found most suitable). 

Rapidly bring the north - 
seeking pole of a bar-magnet 
towards one end of the spiral, 
and observe the simultaneous . 
deflection of the galvano- 
meter-needle. Now suddenly 
withdraw the magnet and 
observe the deflection in the 
opposite direction. 

From these results it is evident that when lines of force are 
either introduced into or withdrawn from the coil an induced 

‘ It is advantnL’coiis to have the turns of wire visible so that the direc- 
tion in wliich the coil is wound niuy^ be ohseived. 
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current is obtained. It can also be observed that when the 
magnet is stationary, whatever its position relatively to the 
coil, no induced current is obtained — in fact, an induced 
current is only obtained when lines of force are being intro- 
duced into or withdrawn from the coil. Again, it can be 
observed in the same experiment that the sircngtJi of the 
induced current depends upon 
the 7 'atc at which the lines of 
force are being introduced or 
withdrawn ; if the magnet is 
moved slowly ; then only a weak 
induced current is obtained. 

The same results may be ob- 
tained by using a spiral of wire, 
conveying a steady current, in- 
stead of a bar- magnet. The 
spiral should consist of fewer 
turns of thicker wire, and should 
be sufficiently small to be inserted completely within the coil. 
The magnetic lines of force duetto the spiral may be introduced 
into the coil either by conveying the spiral up to ihe coil from 
a distance, or by previously inserting it inside the coil and 
afterwards completing' the circuit. Faraday termed the coil 
connected to the batteiy^ the Primary Coil, and the coil 
connected to the galvanometer the Secondary Coil. 

Expt. 173. — Connect up the Primary Coil to a battery of 
two Bunsen cells, and repeat the observations made in 
Expt. 172. Break the Primary Circuit and place the 
Primary Coil inside the Secondary Coil. Complete the 
circuit and observe that the momentary induced current 
is in the same direction as when the Primary Coil (witli 
its current) approached the Secondary Coil. Break the 
circuit and observe the momentary deflection in the 
opposite direction. 

Since the strength of the induced current depends upon the 
rate at which lines of force are introduced or withdrawn, 
the effects observed in Expt. 173 will be considerably aug- 
mented if a core of soft iron is inserted inside the Primary 
Coil so as to form an electro-magnet. 

Expt. 174. — Repeat the observations in Expt. 173, but 
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usini^ the Primary Coil with a soft iron core 'added. 
Notice how the induced currents obtained are much 
greater than when the soft iron core was not used. 

So far, the magnetic lines causing the induced currents 
have been due either to a bar-magmet or to a coil of wire 
conveying a current. Can the same effects be obtained b}^ 
means of the magnetic field surrounding a straight wire con- 
veying^ a current ? Lengths of wire sufficiently long to show 
the effects would be inconvenient to handle, but this difficulty 
can be overcome by winding the wires into flat spirals, 

Expt. 175. — Connect on'e spiral to the galvanometer, and 
the other spiral to a battery. Quickly bring the spirals 
together with their flat faces in contact, and observe the 
momentary induced current in the secondary spiral. 
Quickly separate the spirals and observe the induced 
current in the reverse direction. 

Lena’s Law. — Energ}', in some form or oilier, is required 
in order to generate an electric current. Whence is the 
energy obtained which gives rise to the induced currents 
observed in these experiments ? It must be due to some 
e.xternal agcjicy, and it originates from the mechanical work 
done in overcoming mutual electrical forces set up by the 
relative motion of the two circuits. If this is true, then the 
mutual electrical forces during approach of the two circuits 
should tend to hinder their approach, and they sliould tend lo 
make the circuits approach during the process of separating 
them. 

Expt. 176. — Use the two spirals described in Expt. 175. 
Trace out the direction in which the current is travers- 
ing the primary spiral. Note the direction of the 
deflection obtained when the spirals are brought to- 
gether. Determine by means of a voltaic cell in what 
direction the current must proceed between the galva- 
nometer terminals in order to produce a deflection in 
the same direction ; this means we can determine 
in which direction the induced current traversed the 
secondary spiral. \’'erify that a momentary induced 
current in the opposite direction is obtained when the 
primary circuit is app 7 '-oac/iing (or when the two circuits 
arc close together and the primary circuit suddenly 
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7 nade) \ also that the induced current is in the siDne 
direction when the primary circuit is ?'cccdi?ig (or when 
the primary circuit is suddenly droken). 

In each case the induced current is in such a direction as 
will tend to oppose the relative motion of the two circuits. 
This relationship holds good in all cases of current induction, 
and is expressed in the general statement of Lcfiz^s Lazu. 
The induced current is in such a direction that its 
reaction tends to stop the motion to which the 
induced current is due. A further verification of this law 
may be derived from Expt. 173 if the polarity of the coil due 
to the induced currents is determined by tracing out the 
direction in which the wire is wound on the coil ; e.g. the 
approach of a north-seeking* pole will generate north-seeking 
polarity in the near end of the coil, while its withdrawal will 
generate south-seeking polarity in the same end. 

Faraday’s Law of Current Induction. — So far, wc 
have only considered the ctcrre?it produced in these induction 
experiments. No current can be produced without the pres- 
ence of an E.M.F. giving rise to it, and moreover the strength 
of the current depends upon the resistance of. the circuit, 
whereas the E.M.F. is quite independent of the resistance. 
Hence it is more correct to consider the induced E.M.F. 
rather than the induced current. Induction effects would be 
obtained if the secondary circuit consists of only one turn of 
wire, although they would be so weak that it might be difficult 
to detect them. If the circuit consisted of two turns of wire in 
series, then the same E.M.F. would be induced in each turn, 
and the total E.M.F. bet\veen the extreme ends of the ('oil 
would be twice as great as that generated in a single turn ; 
and if the coil consists of n turns, then the induced E.M.F. 
between the ends of the coil would be n times as great. If N 
lines of force are suddenly threaded through a coil of n turns, 
then the total number of lines of force threaded through the 
circuit will be (N x ?/), and the induced E.M.F. between the 
ends of the coil will be proportional to N//. This result was 
experimentally verified by Faraday, and expressed in the 
following law : — When the number of magnetic lines of 
force through a secondary circuit is changing’ an 
induced E,M.P. is set up, and the magnitude of the 
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E.M.F. is proportional to tlie rate at which the 
number of lines of force changes. 

The Rhumkorff Coil.- — The Rhumkorff Coil is a practical 
application of Expt. 174, in which an induced E.M.F. is set up 
between the ends of a secondary coil by making and breaking 
the circuit of an electro-magnet which is placed inside the 
secondary circuit. Fig. 197 is a diagrammatic representation 
of the essential parts of the instrument. P is the primary coil 
with its core consisting of a bundle of soft-iron wires. The 
primary circuit is rapidly jnade and broke?t by the contrivance 
shown at M ; a flexible spring is fixed vertically at A, and a 
piece of soft iron is attached to the upper end of the spring 



Fig. 197. — Diagram of a Rhumkorff Coil. 


and near to the soft-iron core. When the primary circuit is 
made the current traverses the coil of wire and passes from 
the point (at M) into the spring, returning to the battery 
through A. The iron core becomes strongly magnetised and 
attracts the soft iron at the end of the spring, thus b?'eaking 
the cii'cuit at M. The iron core immediately ceases to be a 
magnet and the spring returns to its original position, thus 
viaking the circuit once more. This series of operations 
proceeds with great rapidity, and the spring vibrates rapidly to 
and fro, the circuit being made and broken in every complete 
vibration of the spring. The secondary coil. S' is wound 
round the primary circuit, and an induced E.M.F. is set up 
between its ends each time the primary is made or broken. 
In practice, P consists of several hundi-ed turns of fairly thick 
silk-covered copper wire, and S consists of several thousand 
Y 
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turns of fine silk-covered copper wire. By having a sufficiently 
large number of turns of wire in S it is possible to obtain a 
sufficient potential difference between its ends to yield sparks 
lo inches, or even 15 inches, long. 


Chief Points of Chapter XXIII 

Behaviour of a Linear Current in a Magnetic Field. — A single 
magnet- pole placed near to a wire conveying a current will tend to 
rotate round the wire in a circular path concentric with the wire (the 
direction of rotation can be deduced from hEaxwell’s Corkscrew 
Rule) ; if the magnet-pole is fixed and the wiie conveying the current 
free to move, then the latter will rotate round the former in the same 
direction as the free pole would rotate round the fixed wire. 

The relative directions of the magnetic force, the current, and the 
consequent motion, are readily remembered with the aid of the Left- 
hand Rule. 

The Left-hand Rule may also be applied to show that two parallel 
wires conveying curretils in the sa?ne direction will attract each other ^ 
and if in opposite directions they will repel each other. 

Induced Currents are set tip in a closed circuit when the nutnber of 
lines of force enclosed by the circuit is changing. Induced currents 
were first observed by Faraday in 1S31. The lines «f force causing 
the induced current may originate from a magnet or from a spiral of 
wire conveying a current, or from a linear current. 

The Primary and Secondary Circuits are terms introduced by 
Faraday in order to distinguish the inducing ixom the induced current. 

Lenz’s Law. — The induced curreiit is in such a direction that its 
reaction tends to stop the motion to which the induced cun cut is due. 

Faraday’s Law of Current Induction. — IVhen the number of 
magnetic lines of force through a secondary circuit is changing an 
induced E.M.F. is set up, and the magnitude of the E. M.F. is 
proportional to the 7 -ate at which the nwnber of lines of force changes. 


Questions on Chapter XXIII 

1. A wire conveying a current is placed in a magnetic field, the 
direction of the lines of force of which is known. Explain how the 
direction in which the wire will tend to move may be deduced from 
theory. 

2, State the law of attraction and repulsion of straight wires con- 
veying currents, and describe an experiment by which the law may be 
verified. 
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3. State the simple laws of electro-magnetic induction, and describe 
simple experiments illustrating them. 

4. One pole of a strong bar-magnet is put through a copper ring 
and quickly taken out again. This is done repeatedly and quickly. 
Although the magnet and ring are not allowed to rub against each 
other, the ring becomes slightly heated. Why is this ? 

5. How could you temporarily stop or weaken the current in a wire, 
without disconnecting it from the battery, by means of the motion of 
another wire through which a current is passing ? 

6. A bar-magnet is allowed to drop vertically through a hank of 
insulated copper wire placed horizontally. What electrical effects, if 
any, are produced ?n the wire ? 

7. Describe experiments to prove that the current pioduced by 
moving a magnet tends to stop the motion, and that the motion 
produced by the magnetic action of a current tends to stop the current. 

S. Supposing that a magnetic north pole is just below the middle of 
the sheet of paper on which you are writing, and that the south pole is 
distant, and supposing that a copper ring is laid flat on the paper and 
drawn across the middle of the sheet from left to right, draw figures at 
various points of the course, showing the directions of the induced 
currents, and give an explanation of your figures. 



CHAPTER XXIV 

SOME PRACTICAL APPLICATIONS 

The Electric Bell. — The electric bell (Fig. 198) is a 
simple application of the electro-magnet. The firincipal parts 
are a horse-shoe electro-magnet hi 
with a soft iron armature A, which 
is cai-ried by a steel spring S. The 
distant end of the armature carries 
the hammer H. The freedom of 
movement of A is regulated by 
the side sci-ew and spring at C. 
A current entering at T passes 
through C and S, round the coils 
of M, and to T. The armature 
is attracted and the circuit broken 
at C, the spring S brings the 
armature back and remakes the 
circuit. Each approach of the 
armature causes the hammer to 
strike the bell. The whole pro- 
cess is repeated continuously while 
the bell-push is depressed. 

Fig. 198.— An electric bell. TLe Incandescent Electric 

Lamp. — The incandescent elec- 
tric lamp is an application of the principle that the tem- 
perature of a conductor is raised when traversed by an 
electric current. If raised to a white heat the concluctor 
becomes a source of both light and heat. The nature of the 
conductor is determined by the conditions (i.) that the material 
must have a melting-point much above that of white heal, and 
3-24 
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(ii.) that it must not volatilise or disintegrate I'eadily at that 
temperature. 

The earliest lamps, introduced by Edison in 1878, were 
made of thin platinum wire ; but, as its melting-point (1750° C.) 
is not much above the temperature required as a source of 
light, the liability to fuse rendered it a commercial failure. 

The carbon filament was found to be much more satisfactory. 
The first filaments, made from strips of bamboo, were found to 
lack necessary uniformity. The modern method consists in 
dissolving cotton -wool in a solution of zinc chloride, and 
forming a uniform thread by forcing the liquid through a die. 
The thread is cut into the required lengths, bent to the 
required form, and then carbonised by heat- 
ing to a high temperature in a furnace, the 
air being excluded by a packing of powdered 
charcoal. As carbon readily burns in air, 
the filament is enclosed in a glass bulb from 
the air that has been removed ; and, to sup- 
port the filament, its ends are soldered to 
short platinum wires which are fused into 
the glass aixl terminate in metal contact- 
surfaces on the flat face of the metal cap. 

The air is exhausted by means of a 
mechanical air-pump connected to the bulb 
through a narrow glass-tube fused to the 
wide end of the bulb ; when the e.xhaustion 
is completed this tube is fused off by means of a blowpipe 
flame — this is the reason of the blunt point on the lower end 
of the bulb (Fig. 199). 

On p. 301 it is stated that in any simple circuit the total energy 
expended by a current in generating heat is equal to KCt joules. The 
power consumed (or, 7 ‘ate of expenditure of energy) is calculated by 
dividing the total energy expended by the time occupied. The unit of 
jjower, defined as one joule jer second., is termed the watt. Hence 

power consumed = = EC joules per sec. =KC watts. 

The power consumed in a lamp, therefore, is measured in watts by 
the product of the voltage between the terminals and the current passing 
through the filament. 

The energy expended appears partly as heat and partly as 



Fig. 199. — A carbon 
lllanient lamp. 
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light. Regarded as a source of light, the energy converted 
into heat is wasted ; and, in a lamp working normally, this 
constitutes fully 95 per cent of the total energy. This loss 
may be diminished by increasing the current and thus raising 
the temperature : but the carbon soon begins to volatilise, and 
forms a black deposit on the glass bulb, thus diminishing the 
light. The efBoiency of a lamp is expressed in terms of the 
power consumed per candle-power oi light obtained: the unit 
candle-power is defined as that obtained from the flame of a 
No. 8 sperm candle. The efficiency of a ,-carbon filament 
lamp is between three and four watts per candle-power. On 
each lamp is marked the voltage for which it is intended, and 
also the candle-power which will be developed. 

The disadvantages of the carbon filament are (i.) that it 
begins to volatilise at 1600'’ C., and (ii.) that its resistance 
diminishes with rise of temperature. This 
latter fact makes it very sensitive to fluctua- 
tions in the voltage. 

In the most recent type of lamp, a fila- 
ment of the metal iiingstc 7 i is used instead 
of carbon. Tungsten is obtained chiefly 
from the mineral wolfram, a tungstate of 
iron ; its melting-point is above 3000'" C., 
and it is very ductile. Owing to its high 
melting-point it can be heated to a much 
higher temperature than the carbon filament, 
and it is possible to obtain from it an effi- 
ciency of less than i watt per candle-power. 
Its ductility allows it to be drawn readily 
into extremely thin wires. The resistance 
of tungsten is much less than that of carbon ; 
it is necessary therefore for the wire to be 
much longer than that of a carbon filament ; 
thus, in a 35 candle-power lamp, to be used on a 320 volt 
circuit, the filament is 850 mm. long and 0.02 mm. diameter. 
Fig. 200 represents the method of supporting the metal 
filament. 

The Electric Arc. — Another convenient method of 
producing a powerful light is by forming an electric arc 
between carbon poles. On allowing two sticks of compressed 



Fi(<. 200. — A metal 
filament lamp. 
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carbon, connected to the terminals of a battery or dynamo 
(giving a potential difference of at least 30 volts) to touch, 
and then separating them, the current continues to pass as an 
arc between the carbon points. The maintenance of the arc 
is due to the fact that carbon volatilises at a very high 
temperature ; and the vapour thus formed gives the necessary 
conductivity to the arc. Since the arc has comparatively high 
resistance, much heat is generated 
locally and the temperature of the 
carbon points is maintained. After 
use the end of the positive carbon 
becomes hollow or crater-shaped, 
and that of the negative carbon 
pointed (Fig. 201). The positive 
carbon gives much the brighter 
light. The efficiency of an arc 
lamp is greater than that of an 
incandescent lamp ; thus, about 
one watt is required for each 
candle-power, and full}'’ 10 per 
cent of the# total energy is con- 
verted into light. 

The carbon rods gradually wear 
away, partly owing to the transfer 
of carbon from the positive to the 
negative rod, and partly to the 
oxidation of the carbon. It is 
necessary, therefore, to have some 
method of regulating and adjust- 
ing their distance apart. In most 
cases the device works automatically, and is controlled by the 
current itself- 

Safety Fuses and other Applications of Heating 
Effects. — The heat generated in a wire conveying a current 
is applied as a device for protecting circuits against abnormal 
currents which might prove dangerous. Such devices arc 
termed fuses. These consist sometimes of a short length of 
wire, of a metal or alloy of comparatively high specific resistance 
and low melting-point ; and the diameter is selected so that a 
current about 50 per cent stronger than that required in the 
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circuit will heat the wire up to its melting-point and so break 
the circuit. 

Formerly it was customary to use lead, or tin, or an alloy 
of these ; but, owing to low conductivity, it is necessary to 
use comparatively thick wire. Hence, when the fuse melts 
or volatilises, the quantity of hot metal scattered becomes a 
serious danger. For this reason it is perhaps better to use 
metals of higher conductivity, such as copper or silver. As 
an additional safeguard these thin wires may be embedded in 
a case, resembling a cartridge case, filled with carborundum 
powder. 

Blasting* fuses consist of a short piece of thin platinum 
wire, inserted in the base of the detonating charge, the ends 
•of which are connected by long insulated wires to a distant 
battery. The charge is fired by passing a strong current 
through the platinum wire. 

In surgery, a short piece of platinum wire heated to redness 
by means of a current is frequently used for the purpose of 
cauterising animal tissue (electric cautery). 

Two bars of metal may be joined by placing them in 
contact end to end, and passing a strong current across the 
junction (electric welding). The point of contact, offering a 
comparatively high resistance, is locally heated to a sufficiently 
high temperature to weld the surfaces together. 

The Electric Furnace. — Much of our present knowledge 
of this application is due to Prof. Moissan, whose initial type 

of furnace is represented 
in Fig. 202 ; it consists 
of two superposed blocks 
of lime or of limestone. 
Thick carbon electrodes 
are inserted through 
holes in the opposite 
walls. In order to avoid 
the formation of calcium 
carbide by the action of 
carbon on the limestone, 
the cavity is lined with 
alternate layers of magnesia and carbon. The heat derived 
from the arc is reflected downwards from the cover, and 
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subjects the crucible to a “toasting” action. This type of 
furnace is too costly for commercial purposes, and in such 
cases the resistance type is used. Here the carbon electrodes 
are buried in the substance to be fused, the ends being 
connected initially by fragments of badly conducting material, 
such as gas-carbon ; on passing a current the gas-carbon is 
fused, and the electrodes are thus joined by a semi-fluid mass 
of relatively high resistance. In this type of furnace, there- 
fore, an arc is never formed. 

In this manner calcium carbide is now manufactured 
from a mixture of pure lime and coke dust. As the carbide 
is formed it fuses and sinks to the bottom of the vessel. 
Similarly carborundum, which is a silicide of carbon and 
used as an abrasive, is made from a mixture of coke and 
sand. 

Secondary Cells, or Accumulators. — When dilute 
sulphuric acid is electrolysed between lead plates the anode 
becomes coated with lead peroxide, PbOo, while the kathode 
remains unaltered. On breaking the circuit, and connecting 
the terminals by a wire, a polarisation current is obtained 
which passes fhrough the cell in the reverse direction to that 
of the charging current. An arrangement of this kind is 
termed a Secondary Cell. 

The term storage cell is inappropriate, as there is really no 
“ storing ” of electricity, but simply a conversion of electrical 
energy into chemical energy, and vice 
versa. 

The original type of this cell, devised 
by M. Plante, consisted of two sheets of 
lead rolled up together and separated by 
felt or similar material. Frequent charging 
and discharging results in the formation of 
porous or spongy lead on the surface of the 
plates, thus increasing the amount of avail- ^ 
able surface. With a view to accelerate 
this process of foraiing., the plates now 
used consist of lead i^rids (Fig. 203), into 
the spaces of which is firmly pressed a paste made from 
oxides of lead and sulphuric acid ; in both cases lead sulphate 
is formed. 



Fig. 203.— Grids of an 
accumulator. 
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The reactions which take place during the forming of the 
plates is as follows : 

At anode : PbSO^ + O + H .,0 - PbO, + eH.SO^. 

At kathode: PbSO^ + H., “ =Pb “+ hJsO^. 

During the discharge of the cell the following reactions 
take place : 

At the positive plate : PbOo + H., = PbO + PI.> 0 , ) 

PbO + HgSO^ = PbSO.^ + H.O. / 

At the negative plate : Pb + O — PbO, '\ 

PbO + H.SO^ == PbSO^ + H, 0 . / 

Evidently, during the passage of the current through the 
cell from the negative to the positive plate, sulphuric acid 
is electrolysed. The hydrogen travels with the current and is 
liberated at the positive plate. 

The voltage of an accumulator is about 2.2 volts when fully 
charged; and it should not be allowed to fall below 1.85 
volts. 

Cells are made usually with several positive and negative 
plates arranged alternately and close together, The two outer 
plates always being negative. Fig. 204 
represents a typical modern accumulator. 

The advantages of the accumulator 
are (i.) its extremely low internal resist- 
ance, (ii.) the readiness with which it can 
be charged, and (iii.) its permanency. 
The chief disadvantage is the liability of 
the plates to biickh\ which is generally 
caused either by taking from the cell 
too strong a current or by neglecting 
to charge the cell when required. 'Flie 
maximum permissible current for either 
charging or discharge is stated to Ijc 
about I ampere for each 40 square inches 
of plate surface. 

The Morse System of Telegraphy. — The method of 
using the single - needle telegraph instrument has been de- 
scribed previously (p. 263). 

The Morse sounder, shown on the right of Fig. 205, 



Fk'.. 204. 

An accumulator. 
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consists of an electro-magnet vi with a soft iron armature 
fixed on a pivoted lever which has freedom of movement 
between two adjustable stops a and b. When no current is 
passing through the instrument a spring s keeps the lever in 
contact with the upper stop b. When a current passes, the lever 
is pulled down into contact with the stop a. The signals are 
based upon the duration of the interval which elapses between 
the striking of the stop a and of the stop b \ and this interval 
depends solely upon the duration of the current. The two 
signals, short and* long, are usually termed ‘'‘dot” and “ dash ” 
respectively ; and the recognised relationship between these 
intervals is that the latter is three times as long as the former. 



The dot-and-dash signals of the hlorse alphabet corre- 
spond to a movement to the left and to the right respectively 
of the needle instrument. 

A single dot represents the letter c, and a single dash 
represents the letter f. A dot before each of these repre- 
sents the letters i and a ; while a dash before each represents 
the letters n and w. A dot before each of these re]jresents 
the letters s, //, r and w ; and a dash before each represents 
iff, b, g and 0. Thus ; 

• n . , / - . I 


... .9 . - . 1 

— . 

. d 

. // . W J 

— . . - 

^ /c 
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By placing either a dot or a dash before each of the last 
eight letters a distinctive signal is given to all other necessary 
letters. Numerals are represented by combinations or group- 
ings of five signals each. 

In this system the operator receives the message by ear. 
More rapid transmission is obtained by a mechanical method 
in which a small disc, revolving in an inking fluid, is attached 
to the left-hand end of the lever. The depression of the lever 
brings the wheel into contact with a strip of paper which is 
moved by clockwork at a constant speed, - In this manner 
the dots and dashes are permanently recorded on the paper. 

The signals are transmitted by a key, represented on the 
left of Fig. 205. This consists of a metal lever mounted on 



Fig. 206. — A relay. 


a wooden stand. The line wire is connected to the middle 
of the lever. When not in action, a spring keeps the line 
wire in communication with the eai'th ; when the front end 
of the lever is depressed a battery circuit is closed, and a 
current passes along the line wire to the sounder at the 
receiving end. 

When the line wire is e.vtremely long the current may not 
be strong enough to operate the sounder, unless excessive 
battery power is used. In such cases a relay (R, Fig. 206) 
is inserted in the circuit near to the sounder S. The weak 
current passing along the line wire is passed through the 
relay, which is simply an electro-magnet with an armature 
attached to a lever. The depression of this lever puts into 
circuit a local battery which is strong enough to operate the 
sounder efficiently. 
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Duplex Telegraphy. — Economy of line wire and of 
time make it highly advantageous to be able to transmit 
simultaneously two or more messages along the same wire. 
Duplex telegraphy is the term applied to any system 
designed for ifu/o simultaneous messages. Fig. 207 represents 
the essential details for duplex working between two offices 
A and B. and Mg represent the electro-magnets of the 

relays ; each has two coils, consisting of ecj[ual number of 
turns "but wound in opposite directions, as shown by con- 
tinuous and dotted lines respectively ; and K., are the trans- 
mitting keys, B* and Bg the batteries, and and Rg are 
suitable resistances. Suppose to be depressed ; a current 
from B^ divides at into two parts, one part going round 
and along the line wire to B, the other part going round 



in the opposite direction through to earth. If is 
adjusted so that the resistances of these two paths are ecj^ual 
is not magnetised, but M., is magnetised and the signal 
reaches B. Suppose, however, that Bg is at the same time 
transmitting to A, and that K., is depressed at the same instant 
as Kj. The line current from B neutralises that from A ; 

is magnetised by its own dotted circuit through R^, and 
M., by its own circuit through Rg. Finally, if, at the moment 
when Kj is depressed, Kg is horizontal (and therefore 
momentarily disconnected), the line current from A passes 
round both coils of Mg and in the same direction ; hence 
is again magnetised. The resistance Rg is adjusted so as to 
be equal to the line wire resistance measured from B ; and 
the same explanation applies when office B is transmitting 
to A. 
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The Telephone.— In. 1876, Graham Bell invented the 
magneto-telephone, which is still used as the “receiver” in 
telephonic systems. It consists simply of a very thin iron 
diaphragm (A, Fig. 20S) fixed round the edge 
and with its centre near to the end face of 
a soft iron cylinder (B) fixed on to the end 
of a cylindrical permanent magnet. When 
air-waves, such as are associated with sound, 
fall upon the diaphragm, vibrations dre set 
up in the iron, and the disturbance so caused 
in the distribution of the magnetic lines of 
force generates induced currents in a coil 
(D) of thin wire wound round the soft iron 
cylinder. The ends of this coil are joined to 
the U?ie wires^ which are connected at the 
distant end to an exactly similar instrument. 
The induced currents traverse the coil of 
wire inside this latter instrument, causing 
rapid variations in the pole-strength of the 
magnet which operates on the iron disc 
fixed near its end. Thus vibrations are set 
up in this disc which correspond exactly 
with those of the first instrument, and the original sound- 
waves are exactly imitated. The two instruments are termed 
the transmitter and the receiver respectively. With this 
arrangement no battery is required ; but the transmission of 
sound is effective only to a short distance. 

At the present time another type of transmitter is used. 
This is based upon the discovery made by Hughes, in 1878,^ 
that if a loose contact is included in a simple battery circuit, 
sound-waves falling on the points of loose contact cause 
variations in the resistance, and therefore in the current. If 
this varying current be sent through the coil of a Bell-receiver, 
the original sound-waves are reproduced. The variations 
in resistance which can be obtained thus are but slight ; and 
if these are to produce sufficiently great variations in the 
current it is essential that the total resistance in the circuit 
be small. This is impossible if the line wires connecting the 
receiver are very long. The difficulty is overcome by inserting 
a small induction coil in the circuit, near the transmitter, the 



Fig. 20 S. — Section 
of a telephone. 
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variable current passing through the primary circuit of the coil. 
The ends of the line wires are joined to the secondary circuit 
of the coil, and the variations of electro-motive force there 
induced are sufficiently great to send through the line wires 
currents which vary sufficiently to operate the receiver at the 
distant end. 

Fig. 209 represents the principle of a modern type of 
transmitter and receiver. The loose contact in the trans- 
mitter is obtained by packing a shallow layer of granulated 



Fig. cog — A telephone transmitter and receiver. 


carbon (A) between the diaphragm (B) and a block of carbon 
(C). The cii'cuit of the battery (E) includes this loose contact, 
a battery switch (D) which is closed only when the instrument 
is held in the hand, and the primary of the induction coil 
The line wires are joined through the secondary of the 
induction coil to the receiver, which, though different in 
construction, is identical in principle with that represented in 
Fig. 197 (p. 321). 

In telephony it is impossible to use for the return circuit 
an “earth-return,” as in telegraphy, owing to the disturbing 
effect of cdrf// c’urre/^/s due either to natural causes or to the 
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neighbourhood of electric tramway and telegraphic systems 
The transmitter and receiver must therefore be connected by 
tnjuo insulated wires. 

Motors and Dynamos. — The force acting on a linear 
current in a magnetic field, as described on p. 314, is the 
basis of the action of the electric motor; also, the E.M.F. 
induced in a conductor which is moved in a mag'netic field 
so as to cut the lines of force, as described on p. 320, is 
the basis of the dynamo In the former, electrical energy 
is converted into mechanical work ; in the latter, mechanical 
work is converted into electrical energy. 

The action of a motor is perhaps best understood by a 
consideration of the resultant magnetic field due partly to a 
current traversing a conductor and partly to a uniform 
^ magnetic field. In Fig. 210, 

the current is suppoLr^sd to be 
passing vertically downwards 
tlirough the paper at A. Below 
the wire, the directions of the 
^ magnetic field due to the 

current and to the magnet are 
the same, and the field is 
strengthened ; above the wire, the directions are opposite, 
and the field is weakened ; hence the magnetic field has the 
form shown in the diagram. The characteristic property 
of lines of force to shorten causes an upward force to act on 
the current ; and, if free to move, the conductor moves in. 

the direction of the arrow. The same conclusion is derived 

by applying Fleming’s Left Hatid Ride. 

The same principle may be applied to a rectangular coil 
of wire (Fig. 211) which can be rotated round a horizontal 
axis O. The two ends of the coil az‘e joined to the two 
halves (C and D) of a split ring, called the connnidator^ 
which is fixed to the coil and in front of it. I'wo fixed metal 
brushes, E and F, rub the surface of the commutator as it 
rotates, and the current is conveyed to the coil through the 
brushes. Current entering by the brush E passes to C, then 
down the horizontal wire A ; it returns by the wire B, to 1 ), 
and leaves through the brush F. The character of the 
resultant magnetic field is indicated, and the forces acting 
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on the current tend to move A upwards, and B downwards. 
These forces continue to be effective until the coil is vertical ; 
but, in that position, the current will become reversed, since 
D will be in contact with brush E, and C with brush F ; the 
forces therefore will be reversed, and the coil will continue to 
rotate. 

The torque^ or turning- moment of the forces, is a 
maximum when the coil is horizontal, and it is zero when the 
coil is vertical. This variation in the torque during each half 
revolution would give a very irregular motive powder ; and, of 
course, feeble too, unless the field is very intense and 'the 
current strong. In practice, therefore, a large number of 



coils are wound on the same axle, and uniformly distributed 
so that a uniform torque is obtained. The coils are wound 
on a cylindrical di'uui consisting of thin sheets of soft iron fixed 
tog-ether. This drum serves both to support the coils and to 
increase the magnetic field by substituting for air a continuous 
iron path — except for the narrow' air gaps recjuired for free 
rotation. Just as the number of coils is increased, so must 
the number of parts into which the commutator ring is split 
increase. The drum, and the coils on it, is termed the 
armature. 

Fig-. 2 1 2 represents a drum armature carrying 1 6 con- 
ductors, or 8 single coils. The commutator is divided into 
8 parts, each connected to i of the conductors. The con- 
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tinuous lines show the connections in front of the armature, 
and the dotted lines are the connections at the back of the 
armature. Suppose a current to enter the commutator through 
a brush at e ; the current divides and passes down the conductors 
14 and p. Its subsequent path then is up / and 16^ down 
12 and 7 /, up 5 and 2, down 10 and ij, up J and 4, down 
8 and 7j, up i and <5, and it leaves by the brush touching 
the sector a. Thus the armature may be regarded as two 
circuits joined in parallel, each consisting of eight conductors. 



There is one important point which must be mentioned. 
In the rotating armature we have conductor's nio'uiog; in u 
magnetic field so as to cut lines of force. This is the essential 
requisite for the generation of an E.M.F., as in the dynamo. 
In what direction does this induced E.M.F tend to send a 
current ? By applying Lenz’s Law, or by using Fleming’s 
Right Hand it is evident that the direction of this 

^ In this rule, if the hand is extended as shown in l-'ig. loc 

(p. 316), when tlie first finger is in the direction of tiie field, while the 
thumb indicutes tlie direction of motion, then the second finger indicates 
the'di recti on of the induced E.M.F. 
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E.M.F. tends to send a current in the oj)posite direction to 
that of the current which is already driving the motor. This 
induced electro-motive force is termed the back E.M.F. of the 
motor ; and, of course, it increases as the speed of the motor 
increases. The torque due to the current, therefore, is 
expended partly in doing external mechanical work and 
partly in overcoming this back JE.M.F. In actual practice, 
the speed increases until the torque due to the reduced 
current (reduced by the back E.M.F.) is just balanced by the 
external mechanical work done by the motor ; when this 
condition is reached, the speed of the motor remains constant. 

The dynamo, in its simplest form, may be represented by 
Fig. 213 where a single coil is rotating in a magnetic field in 



a clockwise direction. The Right Hand Rule shows that the 
induced E.M.F. will be such that the resulting current passes 
down B and returns along A. The E.M.F. is a maximum 
when the coil is passing the horizontal position, and a minimum 
when passing the vertical position. By means of the com- 
mutator the current generated always leaves the machine by 
the brush E and returns through the brush F, but it is 
fluctuating in strength. As in the case of the motor, the current 
is rendered uniform by using a number of coils uniformly 
distributed on a drum, e.xactly as shown in Fig. 212. In fact, 
Fig. 2 12 serves as a diagram of a dynamo, providing that the 
direction of rotation of the armature is reversed. 
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Since, in a dynamo, we have conductors conveying- current, 
and in a magnetic field, the essentials of a motor are present. 
By applying the JLeft Hand Rule it is evident that the current 
brings into action a torque tending to reverse the direction of 
rotation. This opposing torque is clearly seen in Fig. 213, 
in the distorted lines of force which oppose the forward motion 
of the conductors. It is m overcoming this torque that work 
has to be done ; and it is this work which reappears as the 
electrical energy of the current in the e.kternal circuit. 

The above paragraphs refer, in simplest detail, to the 
principles of the direct cur 7 'C 77 t motor and dynamo. No 
reference is made either to the numerous other forms of these 
machines or to those in which alte 7 ' 7 iating currents are used 
or generated. Neither does space allow reference to the 
several methods of exciting the electro-magnets, in the fields of 
which the armatures rotate. 


Questions on Charter XXIV 

1. Describe the construction of incandescent lamps, and state 
approximately the relations between candle-power, watts, \olt.s and 
amperes. What advantages have metal filament lamps over carbon 
filament lamps ? 

2. If a 16 C.P. lOO-volt lamp consumes 35 vvatls, what is. its 
resi.stance, and what current does it take ? 

3. A 16 C.P. carbon-filament latnp, on a 230-voll circuit, rcquirc<l 
a current of 0.275 ampere. On the .same circuit a 16 C.P. metal- 
filament lamp required a current o. 115 ampeie. Calculate in each 
case the watts per C.P. 

4. A 32 C.P. incandescent lamp consumes 1.5 watts per candle- 
power. If the voltage of the circuit i.s 220 volts, what is the strength 
of the current passing through the lamp? 

5. An electric light generator is transmitting a current of 22.75 
amperes when the voltage between the mains is 440 volts. At what 
rate (in kilowatts) is it furni.shing powder? 

6. A 32 C.P. lamp is immersed completely in a vessel containing 
1200 cc, of w'ater. If the lamp consumes 1.5 watts per candle-povvet , 
how long must the current continue in ouler to raise the temperature 
of the water 5° C. ? 

7. The strength of current required to lu.se a metal wire is expressed 
by the equation C = where d is the diameter of the wire (in milli- 
metres) and a is a constant depending on the metal useil. CalcuLate 
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the sUength of current which will fuse a copper wiie (No. 38, S.W. G. ; 
diameter =0.152 mm.), the value of a for copper being 84.4. 

8. In a telegraph circuit, 80 miles long, the resistance of the line 
wire is 1 1 ohms per mile ; and the resistance of the receiving instru- 
ment is 220 ohms. If the minimum current required to work the 
instrument is 20 niilliamperes, how many cells are required, connected 
in series, in order to transmit signals? The E. M.F. and the internal 
resistance of each cell are 1.05 volts and 5 ohms respectively. 

9. Why are electric bells usually arranged in parallel, instead of in 
series ? 

10. Show by a sketch the relation between the directioirs (i. ) of 
rotation of the armMure, (ii. ) of the current in the armature coils, and 
(iii.) of the magnetic field, in a direct current motor. What is meant 
by the “back” E.M.F. ? 

11. Explain briefly the principle of the direct current dynamo? 
What are the factors which determine the voltage at the terminals? 

13 . E.xplain the action of the commutator of a direct current 
dynamo. 



MISCELLANEOUS QUESTIONS FROM BOARD OF 
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Magnetism 

1. A piece of iron when brought near to a small compass needle 

attracts one pole and repels the other ; how would esrou ascer- 
tain whether it was permanently magnetised or only temporarily 
magnetised by the earth’s magnetic field ? 

2. Sketch the lines of force of a bar magnet, with an equal bar of 

soft iron laid across its North pole so as to form a T. 

3. A horsehoe magnet laid on the table near a compass needle 

produces a deflection of the latter. When the keeper of the 
magnet is placed near the poles, but not touching them, the 
deflection is diminished. How do you explain this ? 

4. The beam of a balance is made of iion. If the balance is placed 

so that the beam vibrates in a plane at right angles to the 
magnetic meridian, the beam is hoiizontal when equal weights 
are placed in the scale pans. What will happen when the 
balance is turned so that the iron beam swings in the magnetic 
meridian ? 

5. A bar magnet is placed with its axis in the magnetic mendian and 

its North pole turned towards the South. Desciibe and e.xjilain 
the behaviour of a small compass needle as it is earned along 
the prolongation of the axis of the magnet, both towaids the 
North and towards the South. 

6. Explain how the strength and direction of the earth’s magnetic 

field at any given place is defined. 

If the horizontal force is ,3 unit and the vertical force is .4 
unit, what is the total force ? 

Draw a diagram, by means of which the dip could be 
obtained. 

7. A bar magnet one inch long, with its North pole pointing due 

East, is placed at a distance of four inches from a small com- 
pass needle due North of the centre of the magnet. How will 
the needle be deflected, and how will the deflection be altered 
342 
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if a thick iron ring 2 inches in diameter is placed round the bar 
magnet ? 

8. How would you magnetise a bar magnet so as to have a South 

pole at either end and a North pole in the centre ? How 
would the strength of the single North pole compare with that 
of either of the South poles, if the magnet was magnetised as 
uniformly as possible ? 

9. A wooden ball contains a bar magnet ipa bedded so that the axis 

of the magnet lies along a diameter, but the ends do not reach 
the surface. Explain carefully how you would mark on the 
surface of the ball the points where the axis of the magnet 
prolonged ^i^ould cut the surface. 

10. What is meant by the statement that the declination at a place is 

1 8° West? At such a place how must a boat be steered by 
compass so that its course may be due East ? 

11. A horse-shoe magnet is brought due South of a small compass- 

needle, the line joining the poles of the magnet being East and 
\' 7 'ljst, with the North pole to the West. Describe the manner 
ill which the compass is deflected. 

Describe and explain w'hat will happen if the keeper is 
placed on the magnet. 

12. IIow would you hold a rod of soft iron so that the influence of the 

Earth’s magnetic field upon it may be (i) as great as possible, 
(2) as i^mall as possible? 

13. What is meant by the axis of a magnet? Where is the axis of a 

horse-shoe magnet ? In what direction would such a magnet 
place itself, if placed upon a wooden board floating freely in 
water ? 

14. What is meant by magnetic induction? Give a neat sketch show- 

ing how the lines of the Earth’s magnetic Held in a laboratory 
' would be distorted if the ceiling were supported on iron pillars. 

15. What arc the most important iioints in the construction of a dip- 

needle ? How should the axis of the needle be adjusted in 
taking observations of the dip ? 

16. A bar-magnet is carried in a horizontal circle round a compass 

needle with its North pole pointing always to the centre of the 
needle. IIow will the needle be affected when the magnet is 
North, East, South, and West, respectively, of the needle, 
assuming that the Earth’s influence on the needle is always 
gi eater than that of the magnet ? 


Frictional Electricity 

How would you show, by means of a condensing electroscope, 
that the poles of a voltaic hatteiy are oppositely charged ? 
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2. When a charged glass rod is brought near to an electroscope the 

leaves diverge, and fall together again when the x'od is with- 
drawn. If a needle is placed on the cap of the electroscope, 
with the point projecting from it, and the experiment is repeated, 
the leaves diverge on approach of the glass rod, but remain 
divergeiit when the rod is taken away. Explain this. 

3. A deep metal cylinder open at the top is placed on an insulating 

stand and charged with negative electricity : a metal sphere 
supported by an insulating thread is put in contact {a) with the 
outside, [6) with the inside of the can, and then brought clo^e 
up to a positively charged gold-leaf electroscope. State and 
explain the effect produced on the electroscope in the tw'o cases, 

4. A Leyden jar held in the hand is charged from one pole of an 

electric machine, the other pole being earthed. What differ- 
ence will it make if the person holding the jar .stands ( i ) on an 
insulating stool, _(2) on the ground? 

5. Explain what is meant by electrostatic induction, 

Twm small light pith-balls are in contact, and are suppoited 
by separate threads. A charged glass rod is brought in the 
neighbourhood of the balls. What w'ill happen («) when the 
threads are wet and conducting, {b) when they arc dry and 
insulating ? 

6. Describe and explain the action of the elcctrophorus. 

The electrophorus is used to charge a Leyden jar. Care- 
fully explain whence the energy corresponding to the charge of 
the jar is derived. 

7. Two pith-balls are charged positively, and suspended by silk 

fibres, one inside, the other outside an insulated metal cylinder. 
Describe arid explain the behaviorrr of the pith-balls when the 
cylinder is charged {a) positively and {b) negativel)-. 

S. A long cylindrical conductor is charged wrth electricity. Give n 
sketch showing how the electricity is distributed over its surface. 
A gold-leaf electroscope is connected by an insulated wire 
first to the middle and then to cither eird of the c.ylinder. De- 
scribe and explain the indications of the elect ro.scopc in eacli 
case. 

9. Two large insulated metal jdates, A and />, arc placed i')aiallel 
and close together, but not touching. .-/ is connected to an 
electroscope. A small charge is giveir to - 4 , causing the leaves 
t<i diverge. The plate B is touched with the hand, then 
removed to a considerable distance, and, lastly, allowed to 
touch A. Describe and e.xplain the ])ehaviour of the c'lcctio- 
scope in the three cases. 

10. How may the heat developed by an electric discharge be demon- 
strated ? Describe a simple form of experiment, and explain 
how it should be performed. 
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11. Describe and explain the action of a gold-leaf electroscope. 

Having chai-ged the instrument positively, how would you test 
the sign of the charge on the inner coating of a Leyden jar 
without discharging or moving either the jai or the electroscope ? 

12. What is meant by the statement that a given body is at a higher 

potential than the earth ? Illustrate your answer by means of 
analogous phenomena in heat and hydrostatics. 

13. A hollow metal can is placed on an insulated stand and electrified. 

Describe the distribution of the electrification on the can, and 
explain how you would examine the distribution experimentally. 

14. A metal plate A, thickly varnished on the lop, is insulated and 

connected *0 a gold-leaf electroscope, the whole being charged 
with positive electidcity until the leaves diverge widely. When 
another insulated plate £ (for instance, the cover of an electro- 
phorus) is placed on the top of A, the divergence of the leaves 
is very little altered, but if B is touched the leaves fall nearly 
vertical. Plow do you explain these effects? 

15. Describe and explain the action of a plate-glass frictional machine. 

IIow would you use it to charge a Leyden jar ? 

16. A point-charge is placed near a conducting sphere. Describe the 

distribution of electricity on the sphere {a) when the sphere is 
insulated and uncharged ; (d) when connected to the earth. 

17 - Two insulated spheres A and B are placed near together, and A is 
charge4l positively. How is the potential of B affected by the 
presence of A, and how will it be modified if B is touched with 
the finger, and A then removed ? 

1 8, A hollow metal vessel is insulated and charged with electricity. 

IIow is the electricity distributed, and how is the distribution 
modified (if at all), when a metal rod held in the hand is 
introduced into the vessel wdthout touching it ? 

19, Describe the construction of a Leyden jar and the method of 

charging it. What do you understand by the capacity of such 
a jai ? 

20, How would you prove that positive and negative electricities are 

developed in. equal quantities {a) by friction, {b) by induction? 


Voltaic Electricity 

1. In what respects does the current pioduced by a voltaic cell differ 

from the discharge of an electric machine? W'hal do you 
'undeisland by tile .strength of a current, and by what elfects 
may the .strength he mea.smed ? 

2, Dcscrilie the construction of, and the cliemicul .action which takes 

])lace in a Leclanche cell. Is thi.s a constant cell? If not, 
why not ? 
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3. Does a straight copper wire through which an electric cunent 

flows attract or repel a magnetic pole? How do yon explain 
what happens when such a wire is plunged into iion filings? 

4. An electric current is passed through a platinum wire and a copper 

wire of the same size, ananged in series. If the strength of 
the current is sufficiently increased, the platinum becomes red- 
hot while the copper lemains dark. Explain this. 

5. Show that a galvanometer with a single needle may be made more 

sensitive by placing a magnet in a suitable position in its 
neighbourhood. Give a sketch showing how you would mount 
the magnet so that by moving the magnet the sensitiveness 
may easily be altered ; indicate the position ''of the poles of the 
magnet when the sensitiveness of the instrument is as great as 
possible. 

6. Describe the Daniell and Leclanche cells, and explain carefully 

the functions of the different parts. 

Why is the Leclanche cell used in preference to the Daniell 
cell for working electric bells ? Which type wouiu be the 
better for lighting a small incande.scent lamp ? 

7. Two platinum plates, connected to the poles of a battery of several 

Bunsen cells, are dipped into a solution of copper sulphate. 
Describe the changes that take place due to the pa.s.sage of the 
current- What would be the effect of using copper plates in 
place of platinum ? 

8. Describe some sensitive form of galvanometer, and explain how 

you would set it up to measiu’e a very small current. 

If you found that the deflection produced was off the scale, 
how would you reduce the sensitiveness of the galvanometer ? 

9. A single cell is connected to a galvanometer by long fine wires, 

giving a deflection of 10°. If a .second similar cell is connected 
in parallel with the first, the deflection becomes i G, hut if 
connected in .series, the deflection is increased to 19". Explain 
this. 

10. Draw a plan showing how' the current must ciiculatc in the ooiK 

of a horse-shoe electi-o-magnet, to make the poles («/) both 
North, (< 5 ) one North and the other South. 

11. Describe the Daniell cell, and explain the functions of each pait 

of the cell and the action that takes place when the poles are 
connected by a conducting wire. 

What advantages does this form of cell jjossess over a simple 
voltaic cell consisting of plates of copper aiul zinc immersed in 
dilute acid ? 

12. State Ohm’s Law, and e-\ plain the terms used. 

An incandescent electric lamp takes a cunent of 0. 5 amiierc 
when connected to a circuit of 100 volt.s. What is the resist- 
ance of the lamp? 



EXAMINATION PAPERS 


347 


13. Explain how you would wind a U-shaped piece of soft iron with 

wire, and how you would connect the wire to a battery so as to 
form an electro-magnet with two North poles at the tips of the 
U. Carefully describe the magnetic state of the iron when a 
current is passing through the winding. 

14. Describe some simple form of galvanometer, and explain the 

method of using it. 

15. Assuming that the rate of production of heat by a current in a 

wire varies as the product of the resistance and the square of 
the current, compare the amount of the heat developed by a 
current of 2 amperes in 3 minutes in a wire 3 feet long, with 
that produced by a current of 3 amperes in 2 minutes in 2 feet 
of the same wire. 

16. What is meant by the Electromotive Force of a voltaic cell? If 

you were given two cells, how would you test which had the 
greater electromotive force ? 

1 7. Describe how a compass needle will be affected by a current flow- 

ii!^ in a long straight wire {a) from South to North, (/;) from 
East to West, when the wire is placed above, below, or at the 
side of the compass. 

18. A plate of zinc and a plate of copper are placed in dilute sulphuric 

acid. What action takes place, if any? Flow is the action 
modified, (i) if the zinc is amalgamated, (2) if it is connected 
to the popper plate? 

19. The poles of a Daniell cell are connected by oite yard of fine 

wire, and the current observed. The length of the same wire 
is increased to 3 yards, and the current is thereby reduced to 
one-half- Compare the amounts of heat developed in the wire 
in the two cases. 

20. Insulated wire is coiled on a glass tube placed horizontal and at 

right angles to a compass needle, the centre of which lies on 
a prolongation of the axis of the tube. Flow will the needle be 
affected when the current is passed through the coil ? Will the 
introduction of an iron rod or a copper rod into the tube make 
any difference ? 


MISCELLANEOUS QUESTIONS FROM LONDON 
UNIVERSITY MATRICULATION EXAMINATION 
PAPERS. 

Magnetism 

I. Explain the meaning of the terms magne/ic declination and dip. 
In determining magnetic dip it is customary, after having made 
one set of observations, to rev'crse the magnetisation of the 
needle and then to make another. Sh<nv that this enables us 
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to eliminate error due to any want of coincidence between the 
centre of gravity of the needle and its axis of suspension. 

2. What is meant by a 7 imfor?/i magnetic field't 

A steel rod hangs vertically from the pan of a balance and 
its weight is observed. It is then magneti.sed strongly and 
weighecl again with the North-seeking pole pointing veitically 
downwards. Will any change be observed ? 

What will' be the effect upon the apparent weight of the rod, 
before and after magnetisation, of holding under it a thin disc 
of soft iron (l) with its plane faces vertical, (2) with its plane 
faces horizontal ? 

Give reasons for each part of your answer. 

3. Desciibe fully how a compass needle placed in the middle of a 

steel ship, built with its bow pointing North, would be affected 
during the motion of the ship as it swung round complete!)’’ in 
a clockwise direction, if the field at the centre of the shij^ due 
to its magnetisation could be assumed to lemain constant in 
direction with respect to the ship, and to be equal in magnitude 
to the Earth’s field. 

4. What is meant by a line of magnciic force ? 

Draw diagrams .showing the lines of force due to two equal 
bar magnets, each i foot long, placed in line I fool apait with 
(i) opposite and (2) like poles facing each other. Show how 
the lines of force are affected in each case by pJ-acing a bar of 
iron, 10 inches long, in line with the magnets and midway 
betw’eeii them. 

Describe the magnetic .state of the iron in each case. 

5. A bar magnet 30 cms. long is placed in the magnetic meiidian, 

and it is found that a small compass needle, ])laced on the 
axis of the magnet produced at a distance of 30 cms. fiom one 
pole, will point in any direction. How would you explain 
this ? State which pole of the magnet points Noitliwaid. 

If the strength of the Earth’s horizontal field is 0.18 C.G.S. 
unit, what is the pole strength of the magnet ? 

6. The beam of a chemical balance is made of iron. When it lies 

in the magnetic meridian, a snh.slance placed in one lum appears 
to weigh 50 grammes. On tinning the balance louiul .so that 
the end that oiiginally faced North now faces South, the weight 
appears to he 50*2 grammes. Explain these facts. 

7. A long steel wire is magnetised uniformly. Two jiieces, each 6 

inches long, and tw’o others, each 4 inches long, are cut from 
it, and the.se four pieces are arranged so as to fonu a rectangle 
with tw’O North poles together at each of two opposite angles. 

Draw the lines of force of the rectangle. In what position 
would it set if it w'erc placed horizontally upon a cork lloating 
in water ? 
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8. Draw a section of the Earth through its centre, and represent 

the general forms of its lines of magnetic force. How is the 
direction of the lines of force at a given locality found by 
experiment ? 

9. AB is a thin magnet 20 cms. long, the stiength of each of its 

poles being 12 units. Upon AB as base an equilateral triangle 
ABC is constructed. Find the magnitude and direction of the 
force that a unit pole would experience if it were placed at C. 
Also the force upon the magnet caused by the unit pole at C. 

10. A bar magnet pointing towards the centre of a compass needle 

and at a certain distance from it causes the needle to take up 
a position at right angles to the magnet. Give a diagram 
showing the directions of all the magnetic forces acting on 
each pole of the needle, and show that the resultant forces on 
the two poles of the needle due to the magnet are equal in 
magnitude. 

11. A steel rod is magnetised in the direction of its length. What 

enect would be produced upon the external field due to the 
rod if it were placed within a soft iron tube of equal length 
and of internal diameter slightly greater than the diameter of 
the rod ? Describe how you would find by experiment the 
proportion in which the field due to the rod, at a given point 
on its axis produced, was altered owing to the presence of the 
tube. • 


Electrostatics 

1. Two gold leaves attached to the end of a glass rod are positively 

charged and diverge from one another. What effect, if any, is 
pioduced on the divergence (i) when a spherical metal pot, 
connected to earth, is placed so that the leaves are at its centre, 
(3) when, after insulating the pot, a gradually increasing 
po.sitive charge is given to it? Give reasons. 

2. Two circular metal discs, of 50 cms. radius, are placed parallel 

to one another I cm. apart, and are equally and oppositely 
charged. Draw a diagram .showing fully the directions of the 
lines of force between them. If the difference of potential 
between the discs is 10 C.G. S. units, find the foice which 
would be experienced by a small particle containing 0.005 '^tnit 
of electricity when placed iriidway between them. 

3. Explain fully the meaning of the formula which represents 

the energy of a conden.sci'. 

A charged condenser is made to .share its charge with another 
uncharged condcn.ser of the .same size by joining corresponding 
terminals by thin insulated wire.s. What effect is produced 
upon (i) the charges on the plates, (2) the potential difference 
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between the plates, and (3) the electric energy of the first 
condenser ? Give reasons. 

4. Describe experiments to show that there are two kinds of electri- 

fication, Upon bringing an electifified glass rod towards a 
previously unelectrified ball suspended by a silk thread the 
ball is attracted. Explain this, and describe experimental 
evidence in support of your explanation. Would a previously 
unelectrified glass ball be attracted by an electrified body ? 
Give reasons for your answer. 

5. A small metal sphere is hung by a silk thiead from one pan of a 

balance and is counterpoiseel by weights placed in the other. 
A second insulated and electrified metal sphere of equal ladius 
is made to touch it for a moment, and is then fixed at a 
distance of 10 cms. below the first. It is found as the result 
that the counterpoise has to be reduced by 0.001 gramme to 
restore equilibrium. Find the charge on each sphere. 

What precautions would it be necessary to take t^ perform 
this experiment successfully ? 

6. Equal and opposite chaiges are imparted to two insulated brass 

.spheres, each of one-inch radius with their centres 6 inches 
apart. Make a careful drawing of the lines of force of the 
system. 

Represent upon other diagrams the effect of placing (i) a 
metal sphere of one -inch radius; (2) a gla.ss ir^phere of one- 
inch radius, midway between them. 

7. Water escapes from a small eaith- connected metal jet directed 

vertically downwards, breaking into .separate diops immediately 
upon leaving it. Near the jet, with its centre in a horixoiital 
line with it, is a positively electrified sphere. The drops firll 
into an insulated can, and this is found to become more and 
more strongly electrified. Explain this. 

If the insulation of the sphere and can were jierfect the drrq'is 
would after a time cea.se to fall into the can. blxplain this and 
show where they would fall. 

8. Describe the action of a gold-leaf electroscope piovided with a 

condensing plate, and explain how you would u.se it to tletect 
the electrification of a large feebly electrified sphere. 

9. An insulated electrified metal plate having a chaige of 1000 units 

IS placed between two parallel earth -connected metal plates 
each equal to it. One of these plates i.s inch, and the 
other I inch fiom the first. Determine the charges induced 
upon the plates. How would the jiotential of the in.sulated 
plate be affected if the first of the earth-connected plate.s were 
removed ? 

10. A .small positively charged ball is lowered through an opening in 
a hollow uncharged insulated sphere. Draw careful diagrams 
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of the lines of force when the ball is (i) just outside, {2) just 
inside, (3) at the centre, (4) touching the bottom of the sphere. 

Describe the distribution of electricity in each case. 

11. Two condensers have square discs as plates. In one the discs 

are of 10 cms. side, and are 2 mms. apart ; in the other the discs 
are of 5 cms. side, and are i mm. apart. Which condenser 
has the greater capacity ? If they were charged, how could 
you find which had (i) the greater potential difference, (2) the 
gi eater charge? Give reasons in each case. 

12. What do you understand by the strength of a uniform electric field ? 

Calculate the stiength of a uniform field which is such that 
an erg of ^ork is done upon a body containing half a unit 
of electricity when moved through a metre in the direction 
of the field. 

13. Describe an experiment showing that electric charges produced 

by friction are opposite in kind and equal in amount. 

Describe some simple machine by which a continuous supply 
Oi®such charges can be produced. 

14. Describe the construction of a gold-leaf electroscope, paying 

special attention to those features of the instrument upon which 
its efficiency depends. 

Draw the lines of force inside a gold-leaf electroscope when 
the leaves are positively charged and hang between two earth- 
connecj^ed plates placed inside the electroscope. What effect 
would be produced upon (i) the lines of force, (2) the 
divergence of the leaves, by removal of the plates in question ? 

15- What is meant by the strength of an electric field t 

The points A, j 5 , C, and D are at the corners of a square 
in a uniform electric field of which the direction is parallel to AB 
and to DC. AB is 10 cms. in length, and 5 units of work 
are done in carrying 3 units of electricity from B to A, what is 
the strength of the field? What is the difference of potential 
between B and D ? 

1 6. Two metal spheres A and B, of equal radii, are mounted on 

insulating stands. They are })laced in front of a large vertical 
metal sheet C, B being midway between A and C. The sphere 
A is positively charged. Draw diagrams to represent approxi- 
mately the electric field, (i) when B is kept insulated, (2) after 
it has been momentarily connected to earth. 

What can you infer from the diagrams as to positions of no 
force in the field in the two cases? 

17. Exjilain fully what is meant by the capacity of a condenser. 

Describe the experiments you would perform to determine 
how the <'apacity of the condenser depends upon (i) the size 
of the }>]ates, (2) their distance apart, (3) the nature of the 
insulator between them. 
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1 8. An insulated metal sphere ^ is positively chaiged. Another 
insulated sphere B of equal radius, but uncharged, is moment- 
arily brought into contact with it and then removed. What 
will be the ratio of (i) the charge, (2) the potential, (3) the 
electric energy of B after contact to the value of each ol those 
quantities before contact? 

Show that the combined electric energy of A and B is less 
than the original electric energy of A. In vhat manner has 
the loss been incurred ? 


Voltaic Electricity 

1. A current flows down a vertical wire, and i.s of .such strength that 

at a distance of one foot from it it.s magnetic field is equal to 
the horizontal field of the earth. Indicate in a dingranr the 
directions in which a freely suspended conrpa.ss neeffie wouhl 
set if carried round the wire at a distance of one foot from it, 
when the needle is N., N.E., E., S.E., S., S.W., W’., and 
N.W. of the wire. 

2. The plates of a cell, the resistance of which i.s inapjrreciable, are 

connected by a j)latinuni wire. IIovv would the rate ol 
development of heat in the wire, and the rate vif consunqition 
of zinc in the cell, be affected if the wiie were drawn out 
uniformly to double it.s length ? 

3. Four wnres, AT?, BC, Cl), and Z?A, aie arranged so as to form a 

rectangle, and their resi.stances are i, 2, 3, and 4 ohms rc'-pec- 
tively. The opposite corners A and C' are then ccmneelet! to a 
voltaic cell of E.M.F. 2 v'olts. If, as the result, the ditk-tence 
of potential between .! and C is 1.4 volts, determine tin* 
difference of imtcntial between B and 

Show that if B and B were connc<‘led by a thick copp''^ 
wire of no appreciable resistance, the current in .■!/> would be 
four times that in A/>. 

4. A coil of wire is wound upon the north pole of a m.ignet, and the 

pole is their presented to a piece of iron vvliicii it draws lou.nds 
it. Deternrine the directioir of th(,* cutnarl induced in the coil. 

In what form has energy di.sappeaierl to appear a; heat 
developed by the curi'ent. 

5. De-sciibe some form of .secondary battei-y. State {il Imw \s,u 

would charge it ; (2) which vvouUl be the positive i>oIe. 

^Vhat are the advantages and di.sadvantages ol such ;i hnttet v 
as comjrai'od with a l.eclanche cell ? 

6. A battery, of which the K.M.F. is i v<»It and the interri.d len-f- 

ance r ohm, is connected to a galvanmnetta of wliirdi the ii'si 
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ance is 2 ohms. What is the current in the circuit ? How is 
the current through the galvanometer affected by joining its 
terminals by a wire of 2 ohms resistance ? 

A coil of insulated wire, of which the ends are joined, is suspended 
by a long fine thread from a point in its circumference. A bar 
magnet is moved suddenly towards the coil (which is protected 
from air currents) along a line perpendicular to the plane of the 
coil and passing through its centre. What effect is produced 
upon the position of the coil ? 

Does the effect depend upon (i) the initial position of the 
coil with r-espect to the meridian ? (2) the number of turns in 
the coil ? *Give reasons. 

How would you proceed and what data would you require in order 
to measure a given current in amperes by means of (i) a tangent 
galvanometei ; (2) electiolysis of copper sulphate? 

What do you considei to be the I'elative advantages and dis- 
^vantages of the two methods ? 

9. A smrage cell with a single pair of plates connected by a wire of 
oiS ohms lesistance gives the same current as a similar cell, 
with plates twice as broad, twice as deep, and twice as far apart, 
which are connected by a resistance of 0.9 ohms. Find the 
resistance of each cell. 

Why are the plates of a storage cell usually of large surface? 

10. Two coiis of insulated wire lie, one inside the other, on a table. 

The outer is in series with a galvanometer ; the inner can be 
connected in series with a battery of inappreciable resistance. 
Describe and explain the indicatioiTs of the galvanometer when 
a current is made, kept on for .some time, and then interrupted 
in the inner coil. 

Would the indications be different on repeating after (i) 
reducing the number of turns of wire in the inner coil ; (2) 
placing the inner coil upinght ? Give rcason.s. 

11. The terminals of a voltaic battery of lesislance i ohm are con- 

nected by two wires /// parallel^ their resistances being 6 and 8 
ohms res])cctively. The difference of potential between the 
terminals is 2 volts. Find the cunents, and compare the rates 
at which energy is e.xpencled in the wires. Find also the electro- 
motive force of the battery. 

12. Describe the nature of the inllucnce that a current flowing in a 

long straight wire exerts (i) upon a magnetic pole, (ii) upon a 
small magnet capable of turning in any direction, in its neigh- 
bourhood. 

Explain the fact that iron filings cling round a wiie traversed 
l»y a strong current. 

13. De^cribe the construction and explain the action of the induction 

coil, ignoring the condenser. 
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14. What is a s/ofage cell '^ State the geneial piinciple of its action. 

A storage cell is frequently said to stoie electiicity. Ciiticise 
this statement. What does it really stoie ? 

15* Represent in a diagram the arrangement of the paits of an ordinary 
electric hell, and explain its action. 

16. Being given 4 voltaic cells, each of Bi.Ar.F. 2 volts and resistance 

0.2 ohm, find the currents they would produce in external 
resistances of o. i ohm and i ohm respectively when the cells 
are connected up (i) in parallel and (2) m series. Find nl.so 
the differences of potential between the ends of each external 
resistance for each arrangement of the cells. 

17. The E. M.F. of a storage cell is almost exactly double the F.M.F. 

of a Daniell. How w'ould you test this statement wdthout the 
aid of a galvanometer? How do you explain the diffeience of 
E.M.F. ? Describe carefully the chemical changes that w'ould 
occur in a Daniell if it were connected, in opposition, to a 
storage cell, 

15. Upon w'hat factors does the internal resistance of a batteiy 

depend ? 

A current is sent through a wire of 0.5 ohm re.si.stance by 
attaching its ends to the terminals of a Daniell cell of inteinal 
resistance o. 5 ohm. What is the lesistance of a second Daniell 
if when it is connected in series wdth the first the cuuent is 
unaltered ? 

In wdiat proportion would the current through the wire alter 
if the cells were joined to* it in pniallel ? Explain how you 
obtain your results. 

19. A glass tube corked at the low'er end is fixed in a \eitical jiusilion 
and a number of turns of wire, the ends of which are connected 
to the terminals of a galvanometer, aie wound around it. lion 
filings ate now' poured into the tube. The tube is next tapjied 
.smartly. Finally the cork is withdrawn and the filings escajte. 
De.scribe and explain the behaviour of the galvanometer during 
each of the three above ojterations. 


TYPICAL EXAMINATION PAPEES 

BOARD OF EDUCATION 
Magnetism and Electricity 
T 

You are not permitted to answer more than elg/il quc.stions. 

You may select only Irvo in Magnetism, three in Frictional Elec- 
tricity, and three in Voltaic Electricity. 
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Magnetism 

1. Plow would you test whether a steel bar is magnetised or not ? 

If not magnetised, how would you proceed to magnetise it ? 

2 . A short iion bar is suspended from the north pole of a magnet. 

If the south pole of a similar magnet is presented to the lower 
end of the bar, it remains suspended ; but if the noith pole is 
presented, the bar usually drops off the first magnet. Explain 
this. 

3. Describe how the magnetic dip vaiies fiom place to place on the 

eaith’s suiface. 

Draw aidiagiam showing how the assumption of a magnet 
at the centre of the earth can roughly account for the facts, 

A bar of soft iron is placed on a horizontal table with its axis 
parallel to the Earth’s field. Give a sketch showing the 
general disposition of the lines of force in the neighbourhood 
of the iron bar. 


Frictional Electricity 

5. Describe two experiments showing that the charge on a hollow 

insulated conductor is confined to the outside surface. 

6. Describe the essential points in the construction of a gold-leaf 

electroscope, and explain how the sign of its charge may be 
tested^without discharging it. 

7. A cake of shellac is excited with negative electricity. Explain 

how to obtain equal charges of positive and negative electricity 
from it without discharging it. 

S. A small metal sphere is suspended by a long dry cotton thread. 
The sphere having been charged positively is held inside an 
uncharged metal pot, which rests on the cap of a gold-leaf 
electroscope, but the sphere is not allowed to touch the pot. 
After the sphere has been in place for a few seconds the 
electroscope is momentarily earthed, and then the sphere 
remaining in jrlacc, the leaves of the electroscope are watched. 
Descrilie and explain the movements of the gold leaves, 
starting fiom the moment when the charged sphere was first 
introduced. 

9. What precautions would you take if you wished to ensure that 
when glass and silk arc rirbbed together each is electrified? 

ilow would you prove that, if electrified, their charges are 
equal and opposite ? 

Voltaic Electricity 

10. A irhite of copper and a plate of amalgamated zinc aic placed in 
a cell of dilute sulidiuric acid. Describe what takes place in 
the cell when the plates are allow'cd to touch each other. 
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11. A magnet is placed at the centre of a circular coil of wive through 

which a current is passed. Wliat is the direction of the .force 
acting on the north pole of the magnet, and how does the force 
depend on the direction of the curient ? 

12. Two wires are connected in scries with a voltaic cell, the resist- 

ance of the cell being very small compaied to that of either 
wire, and it is found that the heat developed in one w he is 
twice that developed in the other. Compare the quantities of 
heat developed per second when the wires are in tuin connected 
to the same cell. 

13. Describe carefully what takes place when an^electric current is 

passed through a solution of copper sulphate (i) with platinum 
electrodes, and {2) wnth copper elcctiodes. 

14. Describe how to construct an electromagnet, indicating caicfully 

which end will develop a north pole. 


II 

Magnetism 

1. An uiimagnetised bar of soft iron is laid on a hoiizontal table in a 

north and south direction ; what is its magnetic slate ? 

How will its magnetic state be altcied if theji^-nd of the bai 
w^bich is towards the noith is raised until the bar is veilical ? 

2. Explain carefully how you would magnetise a strip of steel, so that 

one end, marked A, may become a north pole, (live icasons 
for the various opeiations you would jicifonn, 

3. A steel rod when tested is found to have a north pole at each (.“nd. 

What would you expect the magnetic condition of the inlei- 
mediate portion to be, and how would you test your prediction?' 

4. Define 1?/^, horizontal componoif of ihe oar fit's ftoid. 

If at a place A the vertical component is lound to be half 
the hoiizontal component, what is the value of tliedii)? At 
what part of the earth’s surface would you expect -V to be 
situated ? 


Frictional Electricity 

5. Describe a gold-leaf electroscope. 

When a charged rod of sealing wax is held at a certain 
distance from an electroscope the leaves diverge ; they lull wdien 
the cap of the clectioscojie is momentmily touched, and diverge 
again when the sealing wax is removed. Explain these icsults. 

6. A point is said to discharge electricity ; describe three exi>crimcnls 

in which such discharge takes place. 
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7. Plow did Faraday show that the energy of a charged Leyden jar 
resides in the dielectric ? 

S. A hollow insulated metal sphere contains two small insulated 
spheres, one charged with 2 units, and the other with 3 units 
of positive electricity. What will the consequent charge be on 
(a) the outside and {d) the inside of the hollow sphere ? 

9. Describe the electrophorus and e.vplain carefully how it acts. 


Voltaic Electricity 

10. What is mea^t by local action in a voltaic cell ? 

Why is such action objectionable, and how may it be 
prevented ? 

11. A small compass needle is suspended at the centre of a vertical 

copper ring thi’ough which a current is passed. How is the 
needle affected by the current (i) when the ring is in the 
magnetic meridian, and (2) when it is at light angles to the 
magnetic meridian ? 

What are tlie foices acting on the needle in each case? 

12. Describe an astatic system for a galvanometer, and e.xplain 

caiefully the reason for using such a system, and how the coils 
of the galvanomctei are arranged with reference to the magnets 
conpiosing the system. 

13. (low (It^'H the heat produced by a current depend upon the 

stiength of the cuirent? 

De.sciilic how you would e.vperimcntally prove the relation. 

14. A cell Inning an Fh Al. h'. of 2 volts and a resistance of 0.5 ohm is 

connected up with three lengths of wire having resistances of 
], 2, and 3 ohms icspectively, the wiics being in seiies. Find 
the difference in potential between the ends of the middle wiie. 


UNIVERSITY OF LONDON MATRICULATION 
EXAMINATION 

Electricity and Magnetism 

r 

. A bar magnet i.s suspended horizontally from its centic, and has 
a bai of hard .steel, of the same dimensions, attached to it 
lengthwise, the two bars being kept separated by a thin strip 
of wood. The system is set oscillating in the magnetic field of 
the eaiih. Describe and explain the change you would observe 
in the rate of oscillation if the bar of hard steel were replaced 
by a bar of .soft iron of the .same dimensions. 
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2, Draw careful diagrams to exhibit the distribution of the horizontal 
lines of force in the region surrounding a bar magnet laid along 
the magnetic meiidian with its North-seeking pole pointing 
(«) to the North, and [b) to the South. What can yoi: infer 
from your diagrams as to regions of no force in the two 
cases ? 

3- Explain how an electrophorus can be used to obtain considerable 
quantities of electricities of opposite signs with only a small 
initial charge. 

What is the essential difference between the principle of the 
action of an electrophorus and that of a frictional machine ? 
Explain fully. * 

4. A long hat-pin with a spherical metal head is insulated and placed 

upright above an insulated metal disc, one end being close to 
the surface of the disc. A positively charged insulated ball is 
now held near the upper end of the pin for a short time. The 
pin is then removed without being allowed to touch either 
the disc or the ball. Describe and explain the change in the 
electric states of the disc, pin, and ball during the experiment 
(i) when the head of the pin, (2) when the point of the pin, is 
uppermost. 

5. Two equally and oppositely charged insulated plates, each con- 

nected to an electroscope, are at a considerable distance apart. 
The plates are brought nearer together gradually until they arc 
almost within sparking distance. Describe and explain (i) the 
behaviour of the leaves of the electroscopes, {2) the changes 
in the potentials of the plates, and (3) the change of electric 
energy of the system during the movement of the plates. 

6. Describe and explain the action of some form of sensitive galvano- 

meter with which you ate acquainted, pointing out in detail 
the factors that contribute to the sensitiveness. 

7. A coil of bare German silver wire of known length is altac'hed to 

the terminals of a storage cell, and is observed to become warm. 
Why is this, and what are the factors that determine the rate 
of generation of heat within the wire ? 

What length of German .silver wire, of half the cro.ss- 
sectional area of the above one, must be joined in series vith 
it so that the rate of generation of beat within the first wire nia\ 
be reduced by three-fourths ? 

8- Two plates of platinum, connected to a storage battery, are set 
vertically at .sonre distance apart in a beaker of pure water, 
and a galvanometer is included in the cin'uit. A little sulplnuic 
acid is then added to the water. ICxplain carefully the change- 
produced by the acid, describing the actions that take place in 
the liquid and at the two plates. 

Explain the sense in which you understand the slatenieni 
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that “water conducts when it is acidulated, and is decomposed 
by the current that passes.” 


TI 


1. A compass needle, placed with its centre 20 cms. East of that of 

a bar magnet which lies at right angles to the meridian, is 
deflected through an angle of 45° out of the meridian. State 
the infereflce you would draw from this, and explain why the 
angle of deflection is independent of the strengths of the poles 
of the needle. 

The bar magnet is now turned so that it lies in the meridian 
with its South-seeking pole pointing North, and the compass is 
placed with its centre 20 cms. due North of that of the bar 
imrgnet. Describe and explain the behaviour of the needle, and 
draw the lines of force in the region surrounding it, 

2. Describe carefully what is meant by the statement that the time 

of oscillation of a compass needle is inversely proportional to 
the square root of the strength of the Held in which it swings. 

A compass needle makes five oscillations per minute under 
the iiijiuence of the Earth’s field. It makes seven oscillations 
per minute when a long bar magnet is held vertically with its 
North pole in the same horizontal plane as the needle and at 
a given di.stance due South of it. How many oscillations per 
minute will the compass make when the poles of the magnet 
are revciscd ? 

3. Two small metal .spheres .7 and A’, the radius of -7 being double 

that of />’, held by silk threads and connected by a long thin 
wire, are charged by an electrophorus. They are then dis- 
cnniiccteil, and .7 is brought momentarily into contact with an 
unchaiged metal sphere of the same racliu.s. If the spheres 
A and B are now successively lowered into a deep metal can 
connected by a wiie to the cap of an electroscope, but without 
touching the can, <lcscril)C and account foi the indications of the 
electroscope in the two cases. 

Finally, if the sphcies ate brought momentarily into contact 
out sale the can and again successively lowered intt) the can, 
how will the indications of the electroscope differ? 

4. Explain what is meant by the potential of an electrified body. 

.State, giving rea.sons, whethei it is jxissible (a) for an 
electiiiied hotly to be at zero potential, and (/>) for an unelectri- 
fied bfxly to be at a high potential, ;ind describe some simple 
experiments ((» illustrate your answer. 
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5. A sphere held by a silk thiead is fully” charged by an electrO' 

phorus. It is then discharged, lowered into a deep metal can 
lying on the table (but without touching the can), and again 
“ fully ” charged. State what is meant by the teim 'Mully” 
charged in these cases, and carefully explain in which of the 
two cases, and why, the charge would be gieatei. 

What difference would you obseivc in the second ca^e if the 
can contained paraffin oil ? 

6. Describe a storage cell or accumulator, and explain the advantage 

of using large plates. 

Explain the experiments you would pciforni in order to 
distinguish between three cells — one a stoiage cell, another a 
Daniell, and the third a Leclanche — of which the terminals only 
were accessible in each case. 

7. Describe the essential differences hetw'cen a tangent galvanometer 

constructed for the measurement of a large cm rent in ampeies 
and a galvanometer designed for the detection of verj;; minute 
currents. 

Would it be jDossible to so modify the methi'xl of working 
with a galvanometer of the second type that large currents 
could be compared by means of it ? Explain fully. 

S. A copper disc, freely suspended by a point in tlie rim, hangs 
betw'een the poles of a powerful hmse-shoe magnet. The line 
passing perpendicularly through the centre of tiic disc is at 
right angles to the line joining the poles of the magnet, and a 
bar magnet is brought suddenly near the disc along this liTie. 
Explain in detail why the approach of this magnet causes the 
disc to turn, and describe experiments to piovc that your 
explanation is correct. 


Ill 

1. Explain why a magnet does not tend to move bodily along the 

lines of force in a uniform magnetic field. 

A steel rod liangs vertically from the pan of a balance and 
its weight is determined. It is then magnetised stnmgly and 
again weighed. Will any change be observed? Will ajiy 
change be produced upon the a])parcnl weight of tlu- rod, 
before and after magnetisation, if a rod of soft iron i^ held verti- 
cally underneath it during the weighing ? Give reason.s in detail. 

2 . A bar magnet is placed in the meridian with its Xoi th -seeking 

pole pointing North, .Show that there are in general two 
pbints, on the line ]-)erpendicular to lhi‘ mcritlian passing 
through the centre of the magnet, at which the liehl due to 
the magnet is equal and oppo.sitc to the horizontal lield of the 
Earth. 

The length of the magnet being 10 cms. and its moment 200 ; 
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calculate the strength of the Earth’s field if the points of no 
horizontal force are lo cms. distant from each pole of the magnet. 

3. A veitical insulated metal plate is positively charged. Some 

distance away another vertical metal plate B is connected to 
Earth. Between the plates two equal metal spheres C and D 
aie fixed on insulating stands at equal distances from each 
other and from the plates. Draw three careful diagrams to 
illustrate the distribution of tlic lines of force between the 
plates (n) before C and T> are connected together, (^) after they 
are momentarily connected together, and (t) after they are 
momentarily connected to Earth. What can 3'ou deduce fiom 
the diagiaras as to regions of no electric force between the 
plates in the thiee cases ? 

4. A. metal ball held by a silk thread is lowered into a deep positively 

charged metal can standing upon an insulating stand ; it is 
allowed to touch the bottom of the can, and is then withdrawn, 
jyt is again loweied into the can, momentarily connected to 
I'anlh, but without being allowed to touch the can, and a second 
Lime withdrawn. State, giving reasons, what the potential of 
the ball is, and what is its electrical charge, if any, when 
inside the can, and when withdrawn in the two cases. If, in 
the latter case, the ball had been allowed to touch the can 
.before being withdrawn, what change would have been pro- 
duceci in the potential of the can ? 

5. Describe the ordinary electi'ophorus, and the method of charging 

a conductor by means of it, explaining how the energy of the 
charge on the conductor is obtained. 

Is there a limit to the amount of the charge that can be 
given ly the electropliorus to the conductor ? Give reasons 
for yt)ur answer. 

6. Describe and explain caiefully the experiments you w’ould perform 

in order to find whethei the electromotive force of a Daniell 
cell depciuls upon (he size of die plates. Give an explanation 
of the result you would expect to find. 

Ilow do you account for the fact that, in any ball cry in 
which zinc forms one of the plates, the current within the cell 
may be expected to flow from the zinc lo the other metal ? 

7. The coil of a given tangent galvanometer can be rotated about a 

vertical axi.s while the scale upon which the deflection of the 
needle is read remains fixed. Dc.scribe and explain in detail 
how the deflection of the needle will alter (the current through 
the coil remaining constant) when the coil is turned continu- 
ously through 360^^ from its original po.sition in the meridian. 

8 . State and explain I’araday’s law of electrolysis. Describe in detail 

how ,vou would find experimentally the ratio of the electro- 
chemical equivalents of hydrogen and coppei. 



ANSWERS TO NUMERICAL EXERCISES 

Chapter IV. (j). 50), 

7 , 0.5 gm. approximately. 8. 200 dyne-cms. 

11. 2; 0.5. 12. 10,000 ergs. 

Chapter VIII. (p. 102). 

2. 49 unit.s. 

4 . 250 units. ^ 

7 . I : 1.44 : 1.56. 

Chapter XXI. (p. 299) 

2, 4:5. 3. 5^5 ohms. 

4 . ohm. 5 . 1.37 : I. 

6, 16 amps. ; 20 amps. ; 16 amp.s. 7 . 9 t)hms. 

8- 0.234 amp. ; 0.05S5 amp. ; and 0.1755 amp. 

Chapter XXII. (p. 312). 

6. 90 gms. 


Chap'I’er XXIV. (p. 340). 


2. 

2S5.7 ohms; 0.35 amp. 

3 . 

3-95 ; i-66. 

4 . 

0.22 amp. 

5 . 

10. 

6. 

6.75 minutes. 

7 . 

5 amp.s. 

8. 

24. 




1 , 5 dynes. 
3 . 3 dynes. 
6. 1:2. iS. 


362 
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MISCELLANEOUS QUESTIONS 


6. 0.5 unit. 


Magnetism (p. 342). 


V01.TAIC Electricity (p. 345). 

12. 200 ohms. 15 . Equal. 

19 . tI,/I-L = 4/3. 


London Matriculation (p. 347). 

6. 216 units. 

9 . (i.) 0.03 dyne, parallel to magnet’s axis, (ii.) Translalory 
force, 0.03 dyne, in direction of a.xis ; and a rotational 
couple of moment o. 3 v'^3 units. 

Electrostaitcs (p. 349). 

2 . 0.05 dyne. 3 . 1:0.25. 

6 , To electrostatic units. 9 . 0^ = 909.0 ; Q.2 = 90. 9. Potential 
increases in ratio i : 1 1 . 

11. Ci/C2 = 2/i. 12. 0.02 dyne per unit charge*. 

16 . 0.167 charge ; 1.67 electrostatic units. 

18 . (i.) I ; 3 ; (ii.) i: 2 ; (iii.'i 1:4. 


Vor.TAic Electricity (p. 352). 

2. Heat reduced to one- fourth ; zinc consumption reduced to 

one- fourth. 

3 . 0.33 v<ilt. 6. 0.33 amp. ; reduced to O.25 airq-). 

9 . 0.2 ohm. 11. 0.33 amp. and 0.25 amjT. Relative 

energy, 4:3. E.M.F. 58 volts. 

16 . In ]mrallel : (i.) 13.3 amp. ; (ii.) 1.90 amp. In seiics : 

(i. ) S. 89 amp. ; (ii.) 4.44 amp. 

18 - I ohm. Increase, in ratio l : 1.2. 

Board ok Education: l\\rKR T. (p. 354). 


12. I : 2. 


14 ;. 0.61 ve>lt. 
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London INIatricui.ation : Paper 1 , (p. 357’). 
7 . 1,5 times length of first coil. 

London Matriculation : Paper II. (p. 359). 
2 . I. 

London Matriculation : Paper III. (p. 360). 
‘2. 0.2. 
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Accunuil.ilors, 329 

A.i’oiiio lines, J07 

Atnperc, the, 287 

Ainpcie’s Rule, 256 

An.ilo.i’ies, hydrostatic and thermal, 

1 ly'^ 

Anion, 304 
Are lamp, 320 

Astatic i^alvanonielct , 270; needles, 
120 

.\ttr.iclion and lepulsion, of cur- 
rents, 314-310; of electrically- 
eha.ri>(‘(mjodu‘s, 127, of mag- 
nets, 6 

Atti action, (Ine to electrostatic 111- 
liuetion, 150 ; due to magnetic 
nuluction, 21 

Hack M.M.lo, 300 
licll, elcctiic, 324 
Ihcliroinate cell, 24 s; 

Biot’s .ip[)arntus, 170 
Brush ihscharge, 2 ly 
Bvinsi'U 2 }8 

Calcium cariiide, 320 
t'apacity, delimtioii of, 187; of 
conductoi.',, rSh 

( lell, hichrnmate, 245; I'unsen, 

2 j.8 ; naniell, 247: dry, 240; 
( h'ove, 247: internal resistances, 
2S0 ; Leclancht'*, 24 5; nujiles of 
connecting, 2 [o, 204; secoml- 
'"Ti 3-’y ; sinuile, voltaic, 23 j- 

(’luirg<‘, elcctiic, 135; density of, 


178 ; distribution of, 177 ; energy 
of, 206; free and bound, 157 
[footnote) ; produced by induc- 
tion, 155-158; resides on sur- 
face, 170 

Chemical action, 232 
Chemical and heating effects, of 
electric current, 304-311 ; ol 
electric discharge, 222 
C’olumbus, 104 
Commutator, 250 
Compass, mariner’s, Tig 
Condenser, 191, 199; discharge 

by alternate contaets, 195 ; held 
of force of, 194 ; potential dia- 
gram of, 197 

Conductors and insulators, tny, 
T33 

Consequent poles, 13 
Contact electrieit_v, 226-230 
Coulomb, 97, 287 
< 'ouple, moment of, 36 
Current, an electric, 146, 198, 21T, 
220, 230, 237 , chemical elfcet, 
30 f; depends upoiiK. M.l'. and 
lesistance, 28 [-282; induced, 
317; methods of detecting, 222, 
237, 253 : movement in inag- 
lu-tie held, 314 ; thcruinl effect 
of, 300 

naniell cell, 247 
D’Arsonval galvanometer, 273 
1 )e la Rive’s lloaling; batleiy, 257 
I kiclinatiou, magnetic, 104, 107 
iJensilv of charge, 178 
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Diagrams, potenUal, 150, r55-8, 
,162, T97, 205, 221, 235, 2S9, 295 
Dielectric, ‘193 
Dip, magnetic, 107, 113 
Dip-needle, 108-xio, X13 
Discharge, brush, 219 ; chemical 
and heating eflects, 222 ; dis- 
ruptive, 198 ; glow, 220 ; spark, 
216 ; through conductors, 220 ; 
through rarefied air, 217 
Discharger, universal, 201 
Discharging tongs, 200 
Diurnal change, magnetic, 105 
Dry cell, 249 
Duplex telegraphy, 333 
Dynamo, 336 
Dyne, the, 34 {/oof/iote) 

Earth’s magnetic field, 62, 103-1 19 ; 
behaviour of soft iron in, C13 ; 
directive action of, itc; hori- 
iiontal and vertical intensity, 115, 
theory of, 1 15-119 
Electric, attraction and repulsion, 
127-136 ; fields of force, 140- 
151 : induction, 154; lines of 
force, 140, 144 : machines, 209 ; 
screening, 167 

Electricity, flow of, 146 ; origin of 
the word, 126 ; theories of, 127 
Electrolysis, and electrolytes, 304 ; 
laws of, 305 ; of copper sulphate, 
308 ; of water, 305 ; iheoiy of, 
308 

Electro-magnet, 13, 260 
Electro -magnetic induction, 316“ 
320 

Electro-motive force, 237, 281, 286 
Electrophorus, 165 
Electroplating, 310 
Electroscope, 130- 131 ; condens- 
ing, 226 ; theory of gold-leaf, 
160 

Energy, conservation of, 45 ; forms 
of, 45 ; kinetic and potential, 44 ; 
of an electric charge, 206 ; sur- 
faces of equal potential, 46 
Erg, the, 43 [footnofe] 

Faraday, 63, 68, 141 , 173, 305, 


317 : laws of current induction, 
320 ; laws of electrolysis, 305 
Fleming's Left Hand Rule, 315 
Flow' of electricity, i-i6, 19S, 211, 
220, 230 

Force, 31 ; electric, 126, 140 , 

magnetic, 32 , moment of, 35 ; 
of gravitation, 31 ; parallclogr.mi 
of forces, 34 ; unit of, 34 
lu'anklin, 127 
Frictional order, 135 
Furnace, electric, 32S 
Fuses, safety, 327' 

Galvanometers, 267-275 ; astatic, 
270 , constant of, 307 ; d’Arson- 
\al, 273 , minor, 272 ; sensi- 
bility of, 269 , tangent, 274 
(jalvanoseope, 267 ^ 

Gilbert, Di., 2, 53, 104, 115, 126, 
128 

Glow discharge, 220 
Gold-leaf electroscope, 131, 160 
Gravitation, law of, 32 
Grouping of cells, 249, 294-29S 
Grove cell, 247 ^ 

Hamilton’s null, 215 
Heat effects of an (.‘Icctric current, 
300-304 

Tncandesceiil lamp, 324 
Induction, coil, 321 ; effect of lie.it 
and vibration on, 26; (r/ri/jt>- 
317- 320 ; ( e/et tn>- 

sfotir), 154-181 ; 19- 

28, 87, 113 , lever.sal of a mag- 
net’s polarity by, 24 
Insulating stands, 163 
Insulators, 129, 133 
Intensity, horizontal, 115; vtn-tieal, 
1T5 

Inverse squares, law of {I'hrfro- 
s/afii), 150, iSo; 

33 : 53 

Isocliuic hues, i 1 1 
Isogonic lines, 107 

Joule, the, 300 
Joule’s Law, 301 
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Kation, 304 

Keepers, magnetic, 27-28, 91 
Kelvin’s, Lord, magnetic screen, 
91 , mariner’s compass, 120 

Laminated magnet, 14 

Lamp, arc, 326 , incandescent, 

324 

Leclan^hd cell, 245 
Lena’s Law, 319 

Leyden battery, 201 ; jar, 199 ; 
residual charge of, 200 ; seat of 
charge of, 201 * 

Lightning conductors, 215 
Lines of force [electric), 140, 144 ; 

[magnetic), 63, 66, 68 
Local action. 239 
Lodestone, the, 2-6, 104 
• 

Machines, electrical, 209-213 
Magnets, attraction and repulsion 
of, 6 ; axis of, 3 ; condition of 
steel suitable for, t 6 ; effects of 
vibration, heat, and distoition, 
15; forms of, 10, It, 14, keepers 
of, 27, giif lifting power of, 28 ; 
methods of magnetising, 11-14 , 
natural and artificial, 7 ; poles 
3> 56 1 pole-strength of, 97 
Magnetic fields, 52-77 ; behaviour 
of soft iron in, 87, due to an 
electric current, 253-265 ; due to 
the earth and a bar-magnet, 63- 
69; intensity of, 99; inteinal, 
81-84 ; motion of an electric 
current in, 315 

Magnetic, balance, 97 ; chains 
(closed and open), S3 ; dip, 107 ; 
forces, Jiorizontal and vertical 
components, 107 ; forces, rela- 
tive measurement of, 97-101 ; 
induction, 19 ; keepers, 27-28, 
91 : meridian, 104 ; poles, no; 
liotenlial, surfaces of equal, 48, 
77 ; saturation, 15, 85 ; screens, 
89 ; strength, 14 ; substances, 7 
Magnetism, terrestrial, T03-122; 

Weber’s theory of, 84-87 
Magnetit(.', t 

Magnetometer, 54; vibration, loi 


Maps, iron-filing, 70 , of magnetic 
fields, 62 

Mariner’s compass, itq 
M ass and eight, 33 
Maxwell's Cork<;crc'iu Ilulc, 255 
Mirror galvanometer, 272 
Moments, law of, expeuinental 
proof, 37-39 

Morse system of telegraphy, 330 
Motor, 336 

Newton, Sir Isaac, 32 
Norman, Robert, loS 

Oersted’s experiment, 253 
Ohm’s Law, 283 ; practical appli- 
cation of, 2 88 
Ohm, the, 287 

Parallelogram of Forces, 34 
TT, meaning of symbol, 275 
Peregrmus, Peter, 104 
Permeability, 89 
Points, action of, 214 
Polarisation, 240 

Potential, diagrams of electric, 150; 
electiic, 144; of an insulated 
conductor is uniform, 169; simple 
method of estimating electric, 
148 ; suifaces of equal electric, 
146 ; surfaces of equal gravita- 
tional, 46 ; surfaces of ecjual 
magnetic, 48, 77 
Pow'er, 44, 325 
Proof plane, 154 

Relay, telegraphic, 332 
Resistance, electrical, 278-281 ; in- 
ternal and external, 289 ; of 
battery, 2S0 ; of wires, 279 
Rotentivity, 24, 86 
RhumkorfF coil, 321 

Screening, electric, 167 ; magnetic, 
88, 89 

Secular change, magnetic, 105, i 1 1 
Soft iron, behaviour of, in magnetic 
fields, 87, ri3 

Specific inductive capacity, x 93 
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Spirals, magnetic field of, 259 ; 

mtitual action of, 261 
Storms, magnetic, 119 
Susceptibility (^magnet k), 25, 86 

Tangent galvanometer, 274, 307 
Tangent law, 42 
Tangent of an angle, 40 
Telegraphy, duplex, 333 , Morse 
system, 330 ; smgle-needle instru- 
ment, 263 
Telephone, 334 

Terrestrial magnetism, 103-119 
Thermal elTect of current, 300 

Units, of electrical work, 300 ; 
[electro - magnetic) of cuiTcnt, 
quantity, E. 1\I. F. , and resistance, 
275, 2S6 : of force (absolute), 
34 [footnote] ; of heat, 303 [foot- 
note] ; of length, weight, 'nd 
force, 33 : of magnet-pole, u, ; 
of power, 44 ; [elect rosta tic) of 


quantity, potential, and capacity, 
187 [footnote) ; of \votk (ab^,o- 
lute), 43 [ footnote] ; practical, 
287 

\'olt, the, 2S7 
Volta’s laws, 22 8 

\"oltaic battery, modes of connect- 
ing cells, 249, 294-208 - 

Voltaic cell, the simple, 234-243 , 
various types of, 245-249 
Voltameter, the_ copper, 307: the 
water, 306 

Weber’s theory of magnetism, 84- 
87 

W'oight and mass, 33 
Welding, electric, 32S 
Wheatstone’s Tlridge, in jirm'tice, 
292-294 ; theory of, 200-202 
W'imshurst machine, 21 i 
Work, pow'cr, and energy, 43 
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